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Cancer and apoptosis 

Apoptosis is a tightly controlled physiological ‘cell 
suicide program’ that plays a critical role in both 
embryonic development and adult tissue homeostasis. 
It is important for maintaining appropriate cell numbers 
in tissues, serving as a balance for cell proliferation 
[1].  Cells that are no longer needed or have acquired 
severe damage, e.g. to their cytoskeleton or DNA are 
eliminated by apoptosis [1, 2]. 
Disturbances in mechanisms that direct abnormal cells 
to undergo apoptosis critically contribute to cancer 
development. For instance, genomic aberrations 
such as p53 mutation often drive tumor cells towards 
apoptosis [1]. However, as part of their malignant 
evolution, tumor cells can acquire blocks in apoptosis 
by upregulating anti-apoptotic proteins such as Bcl-2, 
which facilitate their uncontrolled cell growth [2]. 
Targeting apoptosis in cancer treatment is therefore 
interesting, as overcoming blocks in apoptosis may 
render cancer cells more susceptible to death than 
normal cells [3], creating a therapeutic window for 
cancer treatment. 

Caspases: Executioners of the apoptotic program

Caspases are a specialized family proteolytic enzymes 
that initiate and execute the apoptotic program [4, 
5]. Caspases are synthesized as inactive zymogens 
(procaspases), which require proteolytic processing to 
become fully active. The caspases that are involved in 
apoptosis can be categorized as initiator caspases (2, 
8, 9, 10) or effector caspases (3, 6, 7). Once switched 
on, initiator caspases activate the effectors, which then 
execute apoptosis [6]. 
There are principally two separate, yet interlinked 
signaling pathways that lead to apoptotic execution:     
the intrinsic pathway, which is activated by 
mitochondrial signals from within the cell, and the 
extrinsic pathway, which is activated by pro-apoptotic 
receptor signals at the cell surface. The two pathways 
converge at the level of effector caspases that ultimately 
execute the apoptotic program [6]. 

The intrinsic apoptosis pathway

The intrinsic apoptosis pathway is triggered by severe 
cellular stress such as DNA damage [7] (induced by 
for instance ionizing radiation and conventional 
chemotherapeutics in cancer treatment) and growth 
factor withdrawal. This pathway is controlled by 
interactions between pro-and anti-apoptotic members 
of the Bcl-2 protein family. 
Ionizing radiation induces DNA damage, which can 
activate the p53 pathway. This induces a cell cycle 
arrest allowing for the DNA damage to be repaired. 

If repair fails, cells can irreversibly remain in cell cycle 
arrest, die by mitotic catastrophe, but apoptosis may 
also be initiated by activation of the intrinsic apoptosis 
pathway [8]. This occurs by induction – both p53 
dependent and independent – of BH3-only members 
of the Bcl-2 family, such as PUMA and Noxa [7, 9-11]. 
These proteins allow their relatives Bak and Bax to 
mediate permeabilization of the mitochondrial outer 
membrane [12]. Upon release from the mitochondria 
into the cytoplasm, Cytochrome c (Cyt c) binds to the 
scaffold protein Apaf-1, which allows recruitment and 
activation of the inducer Caspase-9 in the ‘apoptosome’ 
formed by these molecules. Additionally released 
Smac/DIABLO and Omi/HtrA2 promote caspase 
activation by displacing inhibitor of apoptosis proteins 
(IAPs). Collectively, these events result in effector caspase 
activation and consequent execution of the apoptotic 
program (Figure 1) [6]. The mitochondrial apoptosis 
pathway can be blocked by inhibitory Bcl-2 family 
members (e.g. Bcl-2, Bcl-XL), which sequester their pro-
apoptotic relatives [12, 13] and whose expression can 
be impaired by DNA damaging regimens e.g. [14, 15]. 

The extrinsic apoptosis pathway

Death receptor ligands of the tumor necrosis factor 
(TNF) family, such as CD95 (Fas/APO-1) ligand (L), 
TNF-related apoptosis-inducing ligand (TRAIL), and 
under certain circumstances TNFα initiate the extrinsic 
apoptosis pathway by triggering their death receptors 
(CD95, TRAIL-receptor (R)1/-R2 and TNFR1 respectively) 
on the cell surface. 
Death receptor signaling occurs both in normal and 
cancer cells and has been implicated in a variety of 
physiological processes (reviewed in e.g. [16]). For 
example, endogenous TRAIL expression on natural 
killer cells plays an important role in tumor immune 
surveillance [17-21] and by studying TRAIL receptor 
deficient mice, TRAIL-TRAIL receptor interactions were 
implicated in suppressing tumor metastases to lymph 
nodes [22]. 
Ligand binding to death receptors induces their 
oligomerization and recruitment of the adapter 
molecule Fas-associated protein with death domain 
(FADD) through homotypic death domain interactions 
in FADD and in the cyoplamsic tail of death receptors. 
FADD in turn, recruits – through homotypic death 
effector domain (DED) interactions – both procaspases 
8/10 and c-FLIP molecules [23, 24] that also contain a 
DED. In the death-inducing signaling complex (DISC) 
thus formed at the receptor tail, Caspase-8/-10 are 
activated and self-processed by proteolysis, after 
which they are released into the cytoplasm. Here, they 
find effector caspases 3, 6, and 7 as their targets, which 
upon their activation continue to execute apoptosis 
(Figure 1). The activation of effector caspases by inducer 
caspases in the extrinsic pathway is the direct pathway 
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for effector caspase activation. 
Death receptors also connect to the mitochondrial 
pathway for caspase activation via the BH3-only 
protein Bid. Caspase-8/-10 can cleave and activate 
Bid, resulting in its mitochondrial translocation and 
subsequent mitochondrial permeablilization [25]. 
Activation of downstream caspases induces processing 
of additional procaspase 8 and 10 molecules, leading to 
a mitochondrial amplification loop for effector caspase 
activation (Figure 1). 
The efficacy of mitochondrion-independent apoptosis 
induction by death receptors depends on the cell type. 
Cells have been classified as Type I or Type II by their 
ability to induce apoptosis via CD95 in the presence 
of Bcl-2 overexpression or Bid deficiency. Whereas 
Type II cells rely mostly on the mitochondrial pathway 
for apoptosis induction, Type I cells can execute 
apoptosis through CD95 independent of mitochondrial 
permeabilization [26, 27].  

Modulation of apoptosis execution

Both caspase activation and caspase activity is tightly 
regulated by several cell-endogenous factors. Inducer 
caspase activation in the DISC is regulated by FLIPs and 
FLIPL isoforms. FLIPs contains two DEDs with which 
it can interfere with the recruitment and activation 
of Caspase-8/-10 in the DISC. FLIPL shares structural 

similarity with Caspase-8/-10, since it contains in 
addition to a DED, a catalytically inactive caspase-like 
domain. At high levels, FLIPL inhibits inducer caspase 
activation by competing with Caspase-8/-10 molecules 
for binding (via FADD) to the death receptor tail (e.g. 
[28]). At low FLIPL levels however, Caspase-8/-10 
activation is facilitated due to the ability of FLIPL to 
associate with Caspase-8/-10 and its ability to form 
heterodimers more efficiently than Caspases-8/-10 
forms homotrimers. Upon induced proximity, Caspases-
8/-10 in these heterotrimers are fully activated and 
released into the cytosol (reviewed in [29]). 
As mentioned earlier, inhibitory Bcl-2 family members 
(e.g. Bcl-2, Bcl-XL) block mitochondrial permeabilization, 
preventing Caspase-9 and subsequent downstream 
effector caspase activation [12]. Members of the IAP 
family can also directly inhibit activation and activity 
of effector caspases. Caspases-3/-7/-9 can be directly 
inhibited by XIAP, cIAP1 and cIAP2 (Figure 1). These IAPs 
bind the effector caspases by one of their baculovirus 
IAP repeats (BIR), thereby masking their active site 
[30-33]. In addition, XIAP and cIAP1/2 contain a RING 
domain with ubiquitin ligase (E3) activity. The ubiquitin-
conjugating enzymes (E2) use the RING domain as an 
adaptor to direct the transfer of ubiquitin to effector 
caspases and thereby mediate their proteasomal 
degradation [34-36]. Mitochondrial permeabilization 
following activation of the intrinsic apoptosis pathway 
promotes effector caspase activation in a number of 

Figure 1: Intrinsic and extrinsic apoptosis pathways and caspase modulation (see text for further detail).
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ways. As mentioned earlier, Cyt c induces formation of 
the apoptosome, activating Caspase-9 and subsequent 
effector caspases. In addition, IAP interacting regulatory 
proteins are also released from the mitochondria upon 
their permeabilization. Smac/DIABLO [37, 38] and Htr/
Omi [39-41] antagonize the activity of the IAP protein 
family members by displacing the IAPs from the 
caspases (Figure 1). 

Improving therapeutic outcome of radiotherapy 
with death receptor agonists

Radiotherapy is often complemented with conventional 
chemotherapy to improve treatment outcome and 
prognosis of cancer patients [42]. However, since 
radiotherapy and chemotherapy act by largely the same 
molecular mechanisms, the additional therapeutic 
effects remain limited and side effects will determine 
the maximally tolerable doses of both radiotherapy 
and chemotherapy. Therefore, radiotherapy should be 
combined with drugs that achieve cytotoxic activity by 
inducing cell death using (partially) distinct molecular 
mechanisms than those activated by ionizing radiation. 
This would enable additive or synergistic interactions 
and reduce the risk of therapy resistance. 
Death receptor agonists, such as CD95L, TRAIL and 
agonistic antibodies targeting TRAIL-R1/-R2 are 
attractive agents for combined modality treatment 
with radiotherapy. Whereas ionizing radiation exerts it 
therapeutic effects by inducing cell cycle arrest, mitotic 
catastrophe and mitochondrion-dependent apoptosis, 
all resulting in reduced clonogenicity of tumor cells, 
death receptor agonists operate irrespective of the 
p53 status of cells and can activate effector caspases 
independently of the mitochondria [24]. Because these 
(partially) distinct routes of cell death are triggered, 
it can be envisioned how combined treatment can 
increment the anti-tumor response and improve 
therapeutic outcome of radiotherapy. In addition, 
enhanced responses can be expected by upregulation 
of TRAIL-R1/-R2, CD95 and Caspase-10 [43-46], as well 
as increased CD95 transport to the cell surface [47] in 
response to p53 activation by radiotherapy. Even in 
the absence of death receptor upregulation at the cell 
surface, combined effects are also observed [48-51].
Death receptor agonists could be combined with either 
conventional (systemic) chemotherapy or radiotherapy 
to improve outcome of cancer therapy, since these 
regimens induce cell death by largely the same 
molecular mechanisms. However, since radiotherapy 
induces (local) DNA damage only at the tumor site, 
the systemic administration of death receptor agonists 
imposes a local combined effect of the treatment at the 
tumor site. This could enhance the therapeutic window 
and limit normal tissue toxicity.

Clinical development of death receptor agonists in 
cancer therapy

Since the discovery of death receptors and their 
mechanism of apoptosis induction, there has been great 
interest in (pre) clinical development of death receptor 
agonists in cancer therapy. Soluble recombinant TRAIL 
and agonistic antibodies directed against TRAIL-R1/-R2 
in particular are promising anti-cancer therapeutics, 
because TRAIL induced apoptosis in a large proportion 
of long-term established tumor cell lines, but was not 
toxic to normal tissue [52, 53]. Presently, several Phase 
I and II clinical trials with TRAIL receptor agonists have 
been completed and corroborated low toxicity (see ref 
[54] and references therein). 
To achieve optimal efficacy of treatment, death receptor 
agonists must be combined with conventional or novel 
therapeutics. These agents have been shown to sensitize 
tumor cells to TRAIL-induced apoptosis by a variety of 
mechanisms ([55] and references therein), resulting in 
additive or even synergistic interactions in cell death 
induction. These interactions have been shown both 
in vitro and upon xenografting of tumor cells in mice 
(e.g. [56, 57]). For certain cell lines, combined effects 
became more apparent when death receptor ligands 
were added after irradiation or chemotherapy (e.g. 
[58, 59]), indicating that DNA-damaging regimens 
condition cells to more effectively undergo death 
receptor-induced apoptosis. Clinical trials will have to 
point out whether these encouraging experimental 
observations are predictive of the patient response to 
combined modality treatment.
Although TRAIL receptors and CD95 induce apoptosis 
by highly similar mechanisms [24], CD95 agonists have 
not been pursued for cancer therapy. Such application 
was discouraged by the early observation that systemic 
treatment of mice with anti-CD95 antibody resulted in 
acute, lethal hepatotoxicity [60]. Recently, however, a 
novel form of soluble recombinant CD95L has been 
generated. This so-called MegaFas Ligand – currently 
named APO010 – is composed of a fusion protein 
of the extracellular domain of FasL/CD95L and the 
collagen domain of the 30 kDa adipocyte complement-
related protein (ACRP30). Whereas CD95L naturally 
forms a trimer, the ACRP30 domain imposes a dimer 
of CD95L trimers. The dimeric state allows APO010 to 
crosslink two adjacent CD95 trimers, which renders 
it highly agonistic as compared to other available 
forms of soluble recombinant CD95L or anti-CD95 
antibodies [61-63]. It could be envisioned that in a 
combined treatment setting with radiotherapy a local 
combined therapeutic effect might be achieved at 
APO010 concentrations that have no or acceptable 
toxicity. Currently, APO010 is in a Phase I clinical trial at 
TopoTarget (ClinicalTrials.gov identifier: NCT00437736) 
to establish its safety and tolerability. 
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What determines a cell’s response to death 
receptor agonists? 

Not all tumor cells expressing death receptors 
undergo apoptosis upon their triggering by death 
receptor agonists, potentially limiting their therapeutic 
application. In order to predict which (tumor) cells are 
responsive to death receptor therapy, numerous studies 
have addressed the underlying molecular mechanisms 
that determine sensitivity to death receptor agonists. 
A full understanding of tumor cell sensitivity to death 
receptor agonists could also allow for mechanisms of 
(re) sensitizing tumor cells to these agents. 
Besides the expression of cytoplasmic pro-and 
anti-apoptotic proteins discussed previously, there 
are several other factors that determine how a cell 
will respond to death receptor agonists and these 
are important considerations for future clinical 
development. 

Quality and formulation of death receptor ligand
Like all membrane bound TNF family members, TRAIL 
and CD95L are type II transmembrane proteins. A variety 
of soluble, pro-apoptotic formulations of the (trimeric) 
ligands have been produced. They include – but are not 
limited to – a native recombinant form of human TRAIL 
[52], Leucine-zippered (LZ) [53] or Isoleucine-zippered 
(IZ) TRAIL formulations [64]. In addition, CD95L has 
been produced as soluble trimeric molecule [65] or in 
soluble form as a dimer of CD95L trimers [61]. Critical 
for their pro-apoptotic effect is the trimerization of 
the molecules. Further crosslinking of CD95L trimers 
appears necessary for apoptosis induction in Type I 
cells, but not in Type II cells [66]. For TRAIL, activation of 
TRAIL-R1 occurs both by native trimeric soluble forms of 
TRAIL as well as membrane-bound or crosslinked TRAIL 
formulations, whereas activation of TRAIL-R2 apparently 
requires membrane-bound TRAIL or secondarily 
crosslinked soluble TRAIL formulations [67]. In addition, 
we have found differential apoptosis sensitivity of Type 
I breast cancer cells to different cross-linked versions of 
TRAIL (crosslinked FLAG-tagged TRAIL with anti-FLAG 

antibody versus IZ-TRAIL), indicating that crosslinking 
per se is not the only determinant as to whether cells 
undergo apoptosis in response to the ligand (Figure 
2A).
Initial studies demonstrated a 79% overall homology 
at the protein level between human and mouse TRAIL 
and cross-species reactivity with their receptors [69]. 
Upon careful titration of a different TRAIL formulation 
(the SuperKiller version of both human and mouse 
TRAIL), we found a certain degree of species specificity; 
human SuperKiller TRAIL appeared to be more effective 
in apoptosis induction in human cells compared to 
mouse cells and vice versa (Figure 2B). These results are 
consistent with previous findings of LZ-TRAIL-induced 
apoptosis in both human and mouse TRAIL-sensitive 
tumors cell lines; showing a certain degree of species 
specificity, although both human and mouse versions 
of LZ-TRAIL  were capable of killing both human and 
mouse TRAIL-sensitivite tumor cell lines [53]. A recent 
report studying the interaction between TNF and TNF 
receptor family members in the mouse and human [70] 
also indicated that human TRAIL interacts most strongly 
with human TRAIL receptors. Collectively, these results 
indicate that although there is certainly cross-species 
reactivity for a number of ligand formulations, the 
highest reactivity is achieved by activating receptors 
by their species specific ligands. 
Therefore, both the species and specific formulation 
determine to a large extent how well tumor cells 
undergo apoptosis in response to death receptor 
ligands. 

Expression of decoy receptors 
In addition to TRAIL death receptors, cells may also 
express TRAIL decoy receptors (TRAIL-R3, -R4 and 
Osteoprotegerin (OPG) that can bind TRAIL, but do 
not convey an apoptotic signal. Potentially, decoy 
receptor expression on normal cells could explain the 
tumor-selectivity of TRAIL-induced apoptosis. To date 
however, no correlation has been established between 
levels of TRAIL-R3/-R4 compared to TRAIL-R1/-R2 and 
relative sensitivity to TRAIL [71, 72].

Figure 2: Apoptotic responses in tumor cells are partly determined by formulation and species specificity of death ligands. (A) Apoptotic 
responses of human breast carcinoma cells (MCF7-Caspase-3, black lines) and human T-leukemic cells (Jurkat, clone J16, gray lines) to either isoleucine-
zippered (IZ)- or crosslinked FLAG-tagged recombinant (human) TRAIL. (B) Apoptotic responses of human leukemia cells (J16, left panel), and mouse 
XhoC3 tumor cells [68] (right panel) to human or mouse (SuperKiller®) TRAIL formulations. 

BA
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Alternative pathways induced upon death receptor 
engagement
Although CD95 and TRAIL-R1/-R2 are viewed primarily 
as a death-inducing receptor, like TNFR1 they can 
induce a variety of cellular responses via different 
signaling routes. Alternative signaling pathways, in 
particular the NF-κB survival pathway [73-75], all three 
major MAP kinase pathways [73, 76, 77] and the PI-3 
kinase pathway [77, 78] can be induced by both CD95 
and TRAIL-R1/-R2. Activation of these pathways results 
in cell survival or proliferation, rather than apoptosis 
induction. Studies in TRAIL receptor deficient mice 
indicate that TRAIL receptor inhibits metastases via 
detachment-induced inactivation of the ERK survival 
pathway, which sensitized tumor cells to TRAIL-induced 
apoptosis [22]. NF-κB can activate a potent anti-
apoptotic pathway that involves the new synthesis of 
inhibitory Bcl-2 family members, c-FLIP and IAPs and 
can also induce pro-inflammatory mediators [79]. How 
is the decision made between apoptosis induction 
and NF-κB activation? As further discussed below, 
it appears that the subcellular localization of death 
receptors greatly determines the capacity to induce 
either pro- or anti-apoptotic signals. In addition, there 
is evidence that NF-κB activation requires a lower level 
engagement of death receptors [80]. 

Receptor status and aggregation in microdomains
The precise plasma membrane localization of death 
receptors determines – at least in part – their ability 
to induce apoptosis. Localization of CD95 and TNFR1 
to cholesterol and sphingolipid rich domains (‘lipid 
rafts’) within the plasma membrane is important for 
apoptotic signal transduction [81, 82]. In Type I cells, 
CD95 is preferentially localized to lipid rafts, whereas 
in Type II cells CD95 relocalizes to rafts upon ligand 
binding [83]. In these rafts, sphingomyelin to ceramide 
conversion facilitates receptor clustering and promotes 
apoptosis induction [82, 84]. There is evidence that 
ligation of TRAIL death receptors localized to lipid rafts 
induces a proapoptotic signal, whereas TRAIL receptors 
not associated with lipid rafts mediate the activation of 
survival pathways [85].
Apart from their membrane localization, post-
translational modifications of death receptors also affect 
receptor functionality. A recent report indicates that 
O-glycosylation of TRAIL death receptors are important 
for apoptosis induction by TRAIL [71]. Inhibition of 
O-glycosylation did not affect TRAIL receptor surface 
levels, but suppressed TRAIL-mediated apoptosis. 
Palmitoylation of CD95 is required for apoptosis 
signaling, by facilitating the formation of SDS-stable 
receptor aggregates [86]. 

Death receptor internalization and signaling
Following receptor activation, receptors and ligands 
can internalize from the cell surface by various routes 
(e.g. clathrin- or lipid raft-dependent endocytosis). 

Recent data indicate that the subcellular localization 
of death receptors determines the capacity to induce 
either pro- or anti-apoptotic signals. 
Triggering TNFR1 results in the formation of a primary 
(membrane-associated) complex in lipid rafts [81], 
which comprises TNF, TNFR1, TNFR1-associated protein 
with death domain (TRADD), TNF receptor-associated 
factor 2 (TRAF-2) and receptor interacting protein 
(RIP) and induces NF-ĸB activation. Upon (subsequent) 
internalization into endosomes, the primary complex is 
dissociated, allowing FADD to bind TRADD or possibly 
RIP through their death domains, which in turn recruits 
and activates Caspase-8 [87, 88], initiating the apoptosis 
cascade.  
Internalization (by actin polymerization) of CD95 
also appears to be essential for apoptosis induction 
in Type I cells, as upon ligand binding DISC assembly 
and subsequent Caspase-8 activation occurred at 
the endosomal membrane. Blocking internalization 
abrogated apoptosis-induction and switched the 
response to NF-κB activation [89]. In Type II cells 
however, CD95 was internalized (independent of 
actin polymerization) after ligand binding, but no 
overt co-localization of CD95 DISC components with 
endosomal markers was observed. In addition, blocking 
internalization did not prevent DISC formation, nor 
apoptosis induction, indicating that for Type II cells, 
CD95 internalization is not required for apoptosis 
induction [89]. Upon ligand binding, TRAIL-R1/-R2 
also internalize in Type I cells, via clathrin dependent 
and independent routes. However, internalization of 
TRAIL  or its receptors was not required for TRAIL DISC 
formation and for the initiation of a full apoptotic 
signal [90]. (for a review of death receptor 
compartmentalization and signaling see [91])
The exact molecular mechanisms that drive death 
receptor internalization have not yet been fully 
elucidated, but ubiquitination of the cytoplasmic tail 
may be important. For a number of transmembrane 
glycoproteins, such as the epidermal growth factor 
(EGF) receptor, mono-ubiquitination of the cytoplamic 
tail is essential for clathrin-mediated endocytosis 
(e.g. [92-94]). CD95 has been shown to interact with 
E2 ubiquitin conjugating enzyme UBC9 [95] and 
ubiquitination of TNFR1 has also been observed [96]. 
Recently, a novel family of transmembrane E3 ubiquitin 
ligases of the MARCH protein family were shown 
to target membrane receptors (including CD95) for 
(clathrin-mediated) endocytosis via ubiquitination of 
the cytoplasmic tail [97]. 

In conclusion, death receptors can induce a variety of 
cellular responses on a wide range of tissues. Therefore, 
the anti-tumor responses and normal tissue toxicity may 
vary widely, depending on the tumor type and death 
receptor agonist used. The levels, post-translational 
status and membrane localization of death receptors at 
the cell surface, ligand delivery, duration of the signal, 
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agonistic activity of the death receptor agonists and 
cell type will determine whether the relative strength 
of the apoptotic signal outweighs the strength of the 
anti-apoptotic signal (also reviewed in [98]). 

Scope of this thesis

Combining death ligands to improve the therapeutic 
outcome of radiotherapy is an elegant and rational 
strategy, since these regimens induce partially distinct 
routes to cell death. Radiotherapy impairs clonogenicity 
of tumor cells by mitotic catastrophe, cell cycle arrest or 
mitochondrion-dependent apoptosis pathways and can 
upregulate death receptors at the cell surface, whereas 
death receptor ligands induce apoptosis – irrespective 
of the p53 status of the cell – and by pathways that 
are able to bypass the mitochondrial route for caspase 
activation. In addition, radiotherapy (as opposed to 
chemotherapy) is applied locally; therefore systemic 
administration of death receptor agonists will have 
a local combined effect, enhancing the therapeutic 
window and limiting systemic toxicity. 
In this thesis, we (1) evaluated the effectiveness and 
toxicity of combined treatment with radiotherapy and 
death receptor ligands, (2) investigated the molecular 
mechanisms underlying improved sensitivity to cell 
death induction upon combined treatment and (3) 
investigated intracellular transport of (TRAIL) death 
receptors in relation to apoptosis sensitivity. 

In a preclinical setting, we have tested whether 
radiotherapy in combination with a novel isoleucine 
zippered (IZ) recombinant form of TRAIL (IZ-TRAIL, 
Chapter 2) or APO010 (MegaFas Ligand, Chapter 
4) showed enhanced therapeutic efficacy. This 
work involved evaluating apoptosis induction and 
clonogenic survival in vitro and evaluating tumor 
responses of subcutaneously and orthotopically 
transplanted tumors in vivo. Using the human leukemic 
cell line Jurkat overexpressing Bcl-2 (Jurkat-Bcl-2), we 
demonstrated that radiotherapy and TRAIL synergize 
for apoptosis induction, which translated in a strong 
combined therapeutic effect in vivo, without systemic 
toxicity (Chapter 2). In Chapter 4 we showed that 

although APO010 and radiation had a clear combined 
cytotoxic effect on Jurkat-Bcl-2 cells and a variety of 
solid tumor cells in vitro, a combined therapeutic effect 
was not achieved on the same cells subcutaneously 
grafted in mice. In this setting, APO010 doses were 
approximating the maximally tolerable level and 
reversible liver toxicity was observed.
Next, we investigated the mechanism underlying the 
enhanced response to combined treatment with DNA-
damaging regimens and TRAIL (Chapter 3) or APO010 
(Chapter 5) using a variety of genetic and biochemical 
approaches. We found that Jurkat-Bcl-2 cells, which 
are Type II cells and largely reliant on a mitochondrial 
contribution in apoptosis induction by death receptor 
ligands, no longer require this pathway for apoptotic 
execution after irradiation or treatment with DNA-
damaging anti-cancer drugs. For the combination 
TRAIL and ionizing radiation, this effect was explained 
by an increase in recruitment and activation of 
inducer caspase activatation at the DISC (Chapter 
3), without c-FLIP downregulation. Sensitization to 
APO010-induced apoptosis by a wide range of stimuli 
however, was strongly correlated with decreased c-FLIP 
levels in cell lysates and in the DISC. Upon deliberate 
downregulation by RNA interference, cells were 
similarly sensitized to APO010 and (consequently) the 
capability of the sensitizers to increment apoptotic 
execution was largely overruled (Chapter 5). 
In Chapter 6 we undertook a variety of cell biological 
and genetic approaches to investigate how TRAIL 
receptor expression is regulated in relation to apoptosis 
sensitivity. We found that internalization of TRAIL death 
receptors was not required for TRAIL-induced apoptosis. 
In addition, we found that cell surface expression of 
TRAIL-R1 was differentially regulated to that of TRAIL-
R2. Blocking internalization resulted in increased TRAIL-
R1 (but not TRAIL-R2) surface levels, indicating that 
homeostatic regulation of TRAIL-R1 surface levels is 
mediated in a dynamin-dependent manner. In addition, 
we found that overexpression of members of the 
MARCH protein family of ubiquitin ligases promoted 
downregulation of TRAIL-R1 surface levels by targeting 
a distinct lysine residue in its cytoplasmic tail.  
Finally, the results of all chapters and potential future 
perspectives are discussed in Chapter 7.  
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Background and purpose: Resistance to apoptosis is a contributing factor in the response to 
radiotherapy. Aim of this study was to evaluate whether TRAIL – in a soluble isoleucine zippered 
form – enhances the cytotoxic effect of irradiation on tumour cells with a blockade in the 
mitochondrial apoptosis route and/or a dysfunctional p53 pathway. Materials and methods: The 
p53 mutant human T acute lymphoblastic leukemia line Jurkat transduced with the Bcl-2 gene 
was used as model system in vitro and in a subcutaneous transplant setting in immunodeficient 
mice. Sensitivity to single and combined treatment was read out by apoptosis hallmarks and 
clonogenic survival in vitro, and by bioluminescence and palpation in vivo. Results: Jurkat cells 
overexpressing Bcl-2 did not undergo apoptosis after irradiation, but the combination with 
TRAIL synergistically induced apoptosis without breaking mitochondrial resistance. TRAIL 
also reduced clonogenic survival after irradiation. In vivo, radiotherapy or TRAIL alone delayed 
tumour outgrowth, but combination treatment had the most profound effect. Conclusions: 
Isoleucine zippered TRAIL can strongly enhance the efficacy of tumour therapy with ionising 
radiation in an unfavourable setting of p53 mutation and Bcl-2 overexpression.

Introduction

The anti-tumour effect of radiotherapy can be improved 
by combined modality treatment. Combination therapy 
with conventional anti-cancer drugs, such as cisplatin, 
is standard of care for an increasing number of tumour 
types [1]. However, a need exists for drugs that achieve 
higher cytotoxic efficacy, bypassing death resistance in 
tumour cells, while leaving normal tissues unaffected. 
The death receptor ligand TRAIL is an interesting 
candidate for combination with radiotherapy. 
Caspases are proteolytic enzymes that initiate and 
execute the apoptotic program. Death receptors can 
directly activate inducer Caspase-8 and/or -10 at their 
cytoplasmic tail [2]. Caspases-8/10 in turn activate 
effector caspases. All other apoptotic stimuli are reliant 
on the mitochondrial pathway for caspase activation, 
which is regulated by the Bcl-2 protein family. Apoptotic 
stimuli first activate certain BH3-only members of this 
family, which subsequently stimulate their relatives Bak 
and/or Bax to induce mitochondrial outer membrane 
permeability. Among the pro-apoptotic factors that are 
consequently released into the cytosol, Cytochrome 
c (Cyt c) acts as cofactor for Caspase-9 activation. 
Inhibitory Bcl-2 family members block the function of 
BH3-only proteins and Bak/Bax and thereby prevent 
apoptosis [3]. Death receptors target the mitochondrial 
pathway for caspase activation via the BH3-only 
protein Bid. They require the mitochondrial pathway to 
execute apoptosis in some cell types, but not in others, 
dependent on the efficacy of Caspase-8 activation [4]. 
Ionising radiation (IR) induces DNA damage, which 
can activate the p53 pathway. p53 triggers cell cycle 
arrest to allow for DNA repair, but may also mediate 
apoptosis [5]. This proceeds via p53 targets such as 
BH3-only proteins Puma and Noxa [6, 7]. In absence of 
p53, IR can also induce apoptosis via Puma and Noxa [8, 
9]. Both p53-dependent and -independent IR-induced 
apoptosis pathways are blocked by Bcl-2, indicating 

that they are reliant on the mitochondrial route [10]. In 
such a scenario, with IR operating via the mitochondria 
and TRAIL being able to bypass the mitochondrial 
pathway, it can be envisioned how combined treatment 
can increment the apoptotic response as compared to 
single treatment. Moreover, p53 can also upregulate 
TRAIL receptor-1 (TRAILR-1) and TRAILR-2 as well as 
Caspase-10 [11-13], which may bring about synergistic 
effects. TRAIL is a homotrimeric membrane-bound 
Tumour Necrosis Factor (TNF) family member [14]. For 
therapeutic purposes, it is produced in soluble form 
by truncation carboxy-terminal of its transmembrane 
segment. Multimerisation of trimers seems crucial to 
achieve an apoptotic effect on some cell types. This can 
be achieved by adding exogenous sequences such as 
a leucine zipper, but native TRAIL can also multimerise, 
depending on purification conditions [15]. In vitro, 
soluble human TRAIL in native [16] or leucine zippered 
version [17] killed a variety of tumour cell lines, many 
of them notoriously resistant to conventional anti-
cancer drugs and IR. In contrast, normal cells appeared 
resistant to TRAIL. In mice, neither TRAIL preparation 
showed toxicity, while xenografted human tumours 
regressed [16, 17]. Native TRAIL was also non-toxic in 
cynomolgus monkeys [18]. This pioneering work made 
TRAIL an interesting lead for cancer therapy. In this 
study, we have investigated the therapeutic efficacy 
and potential toxicity of a novel form of recombinant 
soluble human TRAIL – isoleucine zippered (IZ)-TRAIL 
– in combination with IR on xenografted Jurkat cells 
overexpressing Bcl-2. Moreover, we have examined the 
apoptotic pathway that is employed upon combined 
treatment.

Results 

IR-induced apoptosis in J16 cells is p53-independent
Functional analysis has shown that J16 cells contain 
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one wild-type and one mutant p53 allele [19]. To 
investigate whether the remaining functional p53 
allele affected apoptotic responses to DNA damaging 
anti-cancer regimens, p53 was downregulated by RNA 
interference (RNAi) (Fig. 1a, insert). Cells were treated 
with different doses of IR (Fig. 1a), the topoisomerase 
inhibitor etoposide (Fig. 1b), or TRAIL (Fig. 1c). As 
examined by nuclear fragmentation, both magnitude 
and kinetics of apoptosis induced by IR and etoposide 
were unaffected by p53 downregulation. As expected, 
TRAIL-induced apoptosis was also not affected. We 
conclude that J16 cells undergo apoptosis in response 
to IR and etoposide in a p53-independent manner. 

IR and TRAIL synergise in apoptosis induction in J16 cells 
overexpressing Bcl-2
Our aim was to explore whether combined treatment 
with IR and TRAIL might be effective in tumour 
cells with a dysfunctional mitochondrial apoptosis 
pathway. Therefore, we used J16 cells in which the 
mitochondrial route for caspase activation was blocked 
by Bcl-2 overexpression (J16-Bcl-2) [20]. Control J16 
cells showed high levels of apoptosis upon TRAIL 
treatment, while the combined treatment with IR and 

TRAIL showed at most an additive effect (Fig. 2a). On 
the other hand, J16-Bcl-2 cells were hardly sensitive 
to individual treatment with IR or TRAIL, but highly 
sensitive to the combination. Isobolograms that were 
constructed from complete dose–response curves 
demonstrated that the combined effects of IR and 
TRAIL on J16-Bcl-2 cells were synergistic (Fig. 2b).

Combined treatment does not break mitochondrial 
resistance 
From our results, we hypothesized that IR sensitises 
J16-Bcl-2 cells to TRAIL-induced apoptosis. The TRAIL 
signalling pathway in this case might bypass the 
mitochondria, or overrule inhibition by Bcl-2. To test 
whether mitochondrial resistance was broken upon 
combined treatment, we determined the extent of Cyt 
c release. Empty vector-transduced J16 cells were used 
as positive control. J16-Bcl-2 cells were first irradiated 
and 15 h later stimulated with TRAIL. In this setting, 
Cyt c release was minimal and not significantly greater 
than upon single treatment (Fig. 3a). In contrast, 
Caspase-3 activation by combined treatment was 
clearly more than additive at the same time point (Fig. 
3b). We conclude that after irradiation of J16-Bcl-2 
cells, TRAIL can more efficiently activate Caspase-3 
independent of the mitochondria (Fig. 3c).

TRAIL reduces clonogenic survival after IR
To investigate combined effects of TRAIL and IR on 
cell survival, we also used long-term clonogenic 
assays that incorporate effects on cell cycle activity, 
apoptotic and non-apoptotic death [5]. Colonies 
formed in methylcellulose were counted at day 11 and 
survival curves were generated (Fig. 4). Clonogenicity 
in medium (42%) versus clonogenicity in presence 
of TRAIL only (3%) were both set at 100% for the 

Figure. 1. Jurkat cells undergo apoptosis in a p53-independent 
manner. Dose response curves are shown for J16 after treatment for 16 
or 24 h with (A) IR, (B) etoposide and (C) TRAIL. Inset in (A) shows p53 
protein levels in J16 cells containing the p53 RNAi construct (+) or control 
vector (-). Actin served as loading control. Data are expressed as means 
of duplicate samples.

A

B
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Figure. 2. TRAIL synergizes with IR in J16 cells that overexpress Bcl-2. 
(A) Vector transduced J16 cells (Control) and J16-Bcl-2 cells (Bcl-2) were 
treated with indicated doses of IR (Gy) and/or IZ-TRAIL (T, ng/ml). Data 
are expressed as means (+SD) of triplicate samples. (B) Isobolographic 
analysis for the indicated observed effects (‘‘e’’) of IZ-TRAIL and IR in 
control and J16-Bcl-2 cells. The shaded area between the lines represents 
values of additivity. The dots indicate the actual combination used to 
generate the observed effect on apoptosis at t = 48 h. Data points on the 
left of the area of additivity indicate synergy.

A B
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survival curves, in which the effects of radiation were 
plotted. The steeper slope of the curve representing 
the combined treatment indicates that TRAIL reduced 
clonogenic survival of irradiated cells.

Combined effects of radiation and IZ-TRAIL on tumour 
growth in vivo
The effects of combined treatment in vitro prompted 
us to explore the clinical potential of this treatment 
in a xenograft setting. Immunodeficient mice were 
inoculated s.c. with J16-Bcl-2-Luc cells and treated 
with IR, IZ-TRAIL or with the combination. Calliper 
measurements showed that in control mice tumours 
grew steadily and reached the DEP of 12 mm at 27 
(±3) days (Fig. 5a). Tumours of mice that were treated 
with 10 Gy local irradiation or IZ-TRAIL alone showed 
initial regression, followed by regrowth. They reached 
the DEP after 53 (±3) and 64 (±2) days, respectively 
(Fig. 5a and b), indicating a significant tumour growth 
delay as compared to controls (p < 0.01 and p < 0.001). 
Combined treatment with IR and IZ-TRAIL also resulted 
in initial tumour regression, but in this case no regrowth 
of the tumour was measurable by calliper up to 70 days 
after treatment.
The kinetics of tumour cell growth was also evaluated 
with bioluminescence imaging (illustrated in Fig. 

5d). Tumour regression in the treatment groups was 
clearly revealed with this method. Mice that received 
single treatment with either IR or IZ-TRAIL showed 
a modest and transient (1–2 weeks) decrease in 
bioluminescence (Fig. 5c). In mice treated with the 
combination, bioluminescence was dramatically 
reduced to background level in between 2 and 4 weeks 
post-treatment (Fig. 5c and d). A slow increase in signal 
was seen in later weeks (Fig. 5c). 

No normal tissue toxicity in vivo
Changes in body weight were used as an index of general 
toxicity (Fig. 6a). Body weights steadily increased in all 
groups. To examine potential liver toxicity, serum AST 
and ALT levels were determined on Day 11 and Day 25 
(Fig. 6b and c). No significant changes in AST and ALT 
levels were observed in the different treatment groups 
as compared to buffer-injected controls. Thus, both 
general and organspecific toxicity were minimal.

Discussion

Evasion of apoptosis is a hallmark of cancer and may 
be an important factor in resistance to conventional 
anticancer treatment. This has been convincingly 

Figure 3. Synergy does not break 
mitochondrial resistance. Cells were pretreated 
at t = -15 h with 10 Gy IR. At t = 0 cells were 
stimulated with 50 ng/ml TRAIL or left untreated 
(Control). (A) Cyt c release was analysed at 
t = 7.5 h for J16-Bcl-2 cells and at t = 5 h for 
J16 control cells. FI = fluorescence intensity. 
Numbers indicate % of cells with Cyt c loss from 
mitochondria. The result is representative of three 
independent experiments. (B). Active Caspase-3 
was determined in J16-Bcl-2 and control cells at 
t = 7.5 h. Numbers indicate % of cells positive. 
(C). Schematic diagram of apoptosis signalling 
pathways induced by TRAIL. For details see 
Introduction.

A

B
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demonstrated in a lymphoid malignancy where loss of 
the tumour suppressor p53 and/or overexpression of 
Bcl-2 promoted resistance to chemo- or radiotherapy 
in vivo [21]. In this study, we tested whether systemic 
treatment with a highly agonistic recombinant form of 
death ligand TRAIL [22] could improve the outcome 
of radiotherapy in a p53 mutant, Bcl-2 overexpressing 
lymphoid tumour model.
TRAIL is a very interesting candidate for combination 
treatment because of its proven capacity to induce 
apoptosis in a great variety of tumour tissues and its 
lack of normal tissue toxicity in preclinical models. 
Moreover, in many studies with human tumour lines 
in vitro, cell death was enhanced when TRAIL was 

combined with radiation. This has been demonstrated 
for haematopoietic cell types [23-25], but also for 
solid tumour types, such as breast [26, 27], lung [27] 
and colon carcinoma [28]. Combined effects have also 
been shown upon xenografting of human tumour 
cells in mice, in case of breast [26, 29] and prostate 
cancer [30]. Recombinant soluble TRAIL has also 
been combined with conventional DNA damaging 
chemotherapeutics in xenograft settings. Like for 
radiation, dramatic regressions and cures were only 
seen after combined treatments.
TRAIL has no cytostatic or genotoxic effects, but acts 
by inducing apoptotic cell death. Whereas wild-type 
Jurkat cells were sensitive to single treatments, cells 
overexpressing Bcl-2 resisted apoptosis to radiation 
or TRAIL. However, the combination resulted in 
a synergistic apoptotic response, as shown by 
isobolographic analysis. This is consistent with 
observations by Belka et al. [23] who used another 
form of recombinant TRAIL. In the Jurkat cell model, 
synergistic responses did not require a mitochondrial 
contribution, as Cyt c release was blocked but Caspase-3 
was activated. In other cell types, the mechanism of 
synergy may be distinct. For instance, in prostate 
carcinoma cells, synergy between TRAIL and radiation 
depended on Bax proficiency, indicating an essential 
role of the mitochondrial route [31]. The mechanism 
of synergy in Jurkat cells is under investigation, but 
does not appear to rely on upregulation of the TRAIL 
receptor or other pro-apoptotic components (results 
not shown).

Figure 4. TRAIL reduces 
clonogenic survival 
after IR. J16-Bcl-2 
cells were treated with 
indicated doses of IR 
in presence or absence 
of 10 ng/ml TRAIL and 
cultured in duplicate in 
methylcellulose. Data are 
expressed as mean values 
of two independent 
observations. Data were 
fitted according to a 
second order polynomal 
model.

Figure 5. Inhibition of tumour growth in vivo by 
IR and/or IZ-TRAIL. (A) Measurement of tumour size 
by calliper in mice treated with 10 Gy (), 500 µg 
IZ-TRAIL (), or with 10 Gy + 125 µg () IZ-TRAIL. 
Control mice () were treated with storage buffer. 
Arrow designates moment of irradiation, bar period 
of IZ-TRAIL injection. Each data point represents 
the mean of all tumours in the treatment group 
+SEM. Data are shown until the mean reached the 
designated end-point (DEP) of 12 mm. (B) Time 
needed to reach DEP (+SEM). (C) Bioluminescent 
imaging of tumour growth. Treatment groups are 
as indicated in (A). (D) Representative examples 
of sequential bioluminescence images of animals 
treated with buffer (control) or with IR + IZ-TRAIL. 

A B C
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Clonogenic assays are more adequate to assess cell 
survival after radiation than apoptosis assays, since 
they also incorporate the effects of cell cycle arrest 
and non-apoptotic death [5]. In the clonogenic assays, 
treatment with TRAIL alone reduced plating efficiency 
from 42% to 3%. The numbers of cells seeded in 
the combined treatment settings were adjusted to 
compensate for this. Clearly, the cytotoxic effect of 
the combined treatment is predominantly due to 
apoptosis. However, the survival curve also revealed 
an apparent radiosensitising effect of TRAIL.
The combined effects of IR and TRAIL on the p53 
mutant, Bcl-2 overexpressing Jurkat tumour were 
subsequently evaluated in mice. Tumour cells were 
implanted in Matrigel, which prevented systemic 
spread and promoted tumour take. The recipient 
RAG2-/-; IL2Rc-/- mice have no lymphocytes or natural 
killer cells and therefore accepted this human 
xenograft. The subcutaneous localisation allowed for 
local irradiation and monitoring of tumour growth 
by palpation. In response to a single dose of 10 Gy, 
tumours displayed a significant growth delay. TRAIL 
alone also significantly delayed tumour growth. This 
can be explained by the fact that high doses of TRAIL 
and prolonged treatment can induce apoptosis via the 
mitochondrion-independent pathway (Fig. 3c). When 
radiation was combined with TRAIL, tumours regressed 
dramatically. Whereas tumours reached the end-point 
size around day 60 upon single treatments, tumours 

treated by combined modality showed no regrowth 
as determined by palpation. Bioluminescence was 
reduced to background levels for a period of 2 
weeks, followed by a slow increase. Bioluminescence 
monitors the presence of metabolically active cells 
that can convert Luciferin and gives therefore not 
only quantitative, but also qualitative information 
on tumour status. At the DEP, tumours that were 
12 mm according to calliper measurement did not 
show the same level of bioluminescence. This may 
be attributed to differences in tumour composition 
between treatment groups, in particular the presence 
of necrotic cells and/or scar tissue.
In addition to treatment efficacy, normal tissue toxicity 
determines the success of a novel treatment modality. 
Although body weight and liver enzymes did not 
show significant treatment-induced alterations, these 
data should be interpreted with caution, because 
we have found that TRAIL shows a certain degree 
of species-specificity (results not shown). Clearly, 
potential normal tissue toxicity deserves attention in 
future studies.
In summary, combined treatment with radiation and 
IZ-TRAIL in an unfavourable setting of p53 mutation 
and Bcl-2 overexpression, synergistically induced 
apoptosis and led to effective tumour regression in 
vivo. These results support the development of this 
combination treatment for future clinical application.

Materials and methods

Reagents
IZ-TRAIL was produced as described [22] and kept frozen in 
storage buffer (20 mM Tris–HCl, pH 8, 0.5 M arginine–HCl, 
100 mM NaCl and 0.02% Tween 20). Soluble human FLAG-
tagged TRAIL and enhancer were obtained from Alexis 
(Lausen, Switzerland) and etoposide from Sigma. Anti-Cyt 
c monoclonal antibody (mAb) (clone 6H2.B4) was from BD 
Biosciences (San Jose, CA), anti-p53 mAb (clone DO-1) from 
Santa Cruz Biotechnology (Santa Cruz, CA), anti-actin mAb 
(clone C4) from Chemicon International (Temecula, CA) and 
rabbit anti-active Caspase-3 from BD Biosciences. AlexaFluor 
633-conjugated goat anti-mouse Ig and Alexa-Fluor 647-
conjugated goat anti-rabbit Ig were from Molecular Probes 
(Leiden, The Netherlands). Horseradish peroxidase-conjugated 
rabbit anti-mouse Ig was from DAKO A/S (Glostrup, Denmark) 
and the enhanced chemoluminescence kit from Amersham 
Biosciences. 

Cells and stimulation
The J16 clone was derived from the human T-acute 
lymphoblastic leukemia cell line Jurkat by limiting dilution [32]. 
J16 cells stably overexpressing Bcl-2 (J16-Bcl-2) were generated 
by retroviral transduction [20]. J16 cells and derivatives were 
cultured in Iscove’s modified Dulbecco’s medium (IMDM) with 
8% foetal bovine serum (FBS). For apoptosis assays, J16 cells 
were stimulated with the indicated doses of TRAIL, etoposide, 
or IR in IMDM with 5% FBS. After addition of stimulus, cells 
were incubated for the indicated time periods at 37°C, 5% 
CO2. Irradiation of cells was performed using a 137Cs source 

Figure 6. No normal tissue toxicity after treatment with IR and/or IZ-
TRAIL. (A) Changes in body weight over time after indicated treatments. 
Data are expressed as mean (+SEM) percentages of initial weight. (B) 
Serum ALT and AST levels (U/l) determined on Day 11 and Day 25. Data 
are expressed as means (+SEM).
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(415 Ci; Von Gahlen Nederland, B.V.) at an absorbed dose rate 
of approximately 1 Gy/min.

Retroviral gene transduction
Stable knock down of p53 in J16 cells with short interfering 
RNA (complementary sense and anti-sense oligonucleotides 5’ 
GAC TCC AGT GGT AAT CTA C 3’) was performed with pRETRO-
SUPER, a retroviral vector containing a puromycin resistance 
cassette [33]. Packaging of the construct in Phoenix-Ampho 
and transduction of J16 cells with freshly harvested virus 
supernatant were carried out as described [20]. The J16-
Bcl-2 line was transduced with a retrovirus encoding firefly 
Luciferase. J16-Bcl-2 cells expressing Luciferase (J16-Bcl-2-Luc) 
were selected based on emission of the yellow fluorescence 
protein, which was encoded by the bicistronic construct [34].

Apoptosis and clonogenic assays
Nuclear fragmentation was determined by flow cytometric 
analysis of propidium iodide (PI)-stained nuclei as described 
[35]. Data were analysed using FCS Express (De Novo Software, 
Thornhill, Canada). Percentage of subdiploid PI-positive 
particles was scored as percentage apoptosis. Background 
apoptosis in medium control cells was always less than 10% 
and subtracted from the percentage apoptosis determined 
in stimulated cells. Cyt c release was measured according to 
Waterhouse and Trapani [36]. In this procedure, cells are first 
permeabilised by 10 min incubation on ice with 50 µg/ml 
digitonin in PBS with 150 mM KCl and 1 mM EDTA to release 
cytoplasmic Cyt c and next fixed with 4% paraformaldehyde in 
PBS. Cells were incubated for 30 min at room temperature in 
PBS with 0.1% saponin and 0.5% bovine serum albumin (BSA). 
Cells were stained with anti-Cyt c mAb (1:200) and AlexaFluor 
633-conjugated goat anti-mouse Ig (1:100) as second step in 
the same buffer. Active Caspase-3 content was determined 
by first fixing the cells with 4% paraformaldehyde in PBS and 
next permeabilising them in PBS with 0.1% saponin and 0.5% 
BSA. Cells were stained with anti-active Caspase-3 antibody 
(1:50) and AlexaFluor 647-conjugated goat antirabbit Ig (1:100) 
as second step in the same buffer. Subsequently, cells were 
analysed by flow cytometry. For Cyt c and Caspase-3 analyses, 
very small particles (debris) were gated out, but 98% or more 
of the total population was included in the analyses. For the 
clonogenic assays, J16- Bcl-2 cells were spun down after 
irradiation and resuspended in 1.1 ml IMDM containing 1.2% 
methylcellulose (R&D Systems), 8% FBS and 10 ng/ml IZ-TRAIL. 
Cells were plated at increasing densities up to 40,000 cells/35 
mm dish. After 11 days of culture, colonies were counted by 
two independent observers using an inverted microscope.

Immunoblotting
Immunoblotting was performed as described [19].

Mouse model and therapy
RAG2-/-; IL2Rc-/- mice [37], backcrossed to a Balb/c background, 
were bred at The Netherlands Cancer Institute. Animal 
experiments were performed in agreement with institutional 
and national guidelines and approved by the Experimental 

Animal Committee of The Netherlands Cancer Institute. For 
tumour cell inoculation, 5-week-old mice were anaesthetised 
with ketamine (100 mg/kg) and xylazine (10 mg/kg) 
intraperitoneally (i.p.). Mice were injected subcutaneously 
(s.c.) in the midline of the lower back with 106 J16-Bcl-2-Luc 
cells, which had been resuspended in PBS and mixed with 
MatrigelTM Matrix Growth Factor Reduced (BD Biosciences) 
(1:1) in a final volume of 500 µl. Tumour size was measured by 
calliper and represented as mean diameter ([length + width + 
height]/3). Treatment started when tumours reached a mean 
diameter of 8 mm (Day 0). Treatments with 4–6 mice per group 
consisted of: (1) 10 daily i.p. injections with 500 µl storage 
buffer (control); (2) 10 Gy local irradiation followed by 10 daily 
i.p. injections with storage buffer; (3) 10 daily i.p. injections with 
500 µg IZ-TRAIL; 4) 10 Gy followed by 10 daily i.p. injections 
with 125 µg IZ-TRAIL. Injections were started on the same day 
as irradiation. Irradiation was performed in lead-shielding jigs, 
minimizing irradiation of normal tissue, with 250 kV X-rays, 
operating at 12 mA and filtered with 0.6 mm Cu. The dose rate 
at the position of the tumour was 2.35 Gy/min and mice were 
rotated through 180° halfway through each irradiation in order 
to maximize dose uniformity. A mean tumour diameter of 12 
mm was set as designated end-point (DEP).

Bioluminescence
Tumour growth and response to treatment were monitored non-
invasively using bioluminescence imaging. Bioluminescence 
was measured once or twice weekly using the IVIS 200 Imaging 
System (Xenogen Corporation, Alameda CA). An aqueous 
solution of D-Luciferin (150 mg/kg body weight; Xenogen) 
was injected i.p. Subsequently, mice were anaesthetised with 
isoflurane and placed in a lighttight imaging chamber. Eighteen 
minutes after injection, photons emitted by Luciferase-
expressing tumour cells were acquired using Living Image® 
software (Xenogen, version 2.50) over a defined period of time 
ranging up to 2 min. Signal intensity was quantified as average 
radiance (p/s/cm2/sr) and is reported as percentage of the last 
value before treatment.

Normal tissue toxicity
To investigate normal tissue toxicity, mice were weighed five 
times a week. In addition, levels of aspartate-and alanine 
aminotransferase (AST and ALT) were determined in serum two 
days after the last i.p. injection (Day 11) and two weeks later 
(Day 25). AST and ALT levels were determined with enzyme-
specific kits in a Hitachi 917 analyser (Roche Diagnostics) at the 
Department of Clinical Chemistry of The Netherlands Cancer 
Institute.

Statistics
Differences between treatment groups were analysed with 
paired Student’s t-tests and considered significant when 
p < 0.05. Analyses were performed using GraphPad Prism 
version 4.02 for Windows (Graph Pad Software, San Diego, 
CA). Isobolographic analysis [23] was performed to determine 
synergy between IR- and TRAIL-induced apoptosis.
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In many tumor cell types, ionizing radiation (IR) or DNA-damaging anticancer drugs enhance 
sensitivity to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced 
apoptosis, which is of great clinical interest. We have investigated the molecular mechanism 
underlying the response to combined modality treatment in p53-mutant Jurkat T leukemic 
cells overexpressing Bcl-2. These cells are largely resistant to individual treatment with TRAIL 
or IR, but sensitive to combined treatment, in vitro as well as in vivo. We demonstrate that IR 
and DNA-damaging anticancer drugs enable TRAIL receptor-2 and CD95/Fas to bypass the 
mitochondrial pathway for effector caspase activation. This was validated by RNA interference 
for Bax and Bak and by overexpression of dominant-negative Caspase-9. Improved effector 
caspase activation was neither caused by altered expression of proapoptotic components nor 
by impaired activity of inhibitor of apoptosis proteins or nuclear factor-κB signaling. Rather, we 
found that pre-treatment of cells with IR caused quantitative and qualitative changes in death 
receptor signaling. It strongly improved the capacity of ligand-bound receptors to recruit FADD 
and activate Caspase-8 and -10 in the death-inducing signaling complex, while c-FLIPL levels 
were unaffected.

Introduction

Ionizing radiation (IR) and many conventional 
anticancer chemotherapeutics induce DNA damage, 
which will trigger cell cycle arrest, but may also result 
in apoptosis, which proceeds principally via the 
mitochondrial pathway [1]. In this pathway, the Bcl-2 
family plays a pivotal role. BH3-only members of the 
family perceive the apoptotic signal and allow their 
relatives Bak and Bax to mediate permeabilization of 
the mitochondrial outer membrane [2]. Upon release 
from mitochondria into the cytoplasm, cytochrome 
c (Cyt c) binds to the scaffold protein Apaf-1, which 
allows recruitment and activation of the inducer 
Caspase-9. Additionally released Smac/DIABLO and 
Omi/HtrA2 promote caspase activation by displacing 
inhibitor of apoptosis proteins (IAPs). Collectively, 
these events result in effector caspase activation and 
consequent execution of the apoptotic program [3]. 
The mitochondrial apoptosis pathway can be blocked 
by inhibitory Bcl-2 family members, which sequester 
their proapoptotic relatives [2]. In hematopoietic cells, 
overexpression of inhibitory Bcl-2 family members 
not only predisposes for tumor development, but also 
conveys resistance to chemotherapy in vivo [4]. 
To date, toxicity of the death receptor ligands tumor 
necrosis factor (TNF)α and CD95 ligand (L) has 
precluded their use for systemic therapy. Recombinant 
soluble TNF-related apoptosis-inducing ligand (TRAIL), 
however, induces apoptosis in a large proportion 
of long-term established tumor cell lines, but is not 
toxic to normal tissue [5, 6]. TRAIL monotherapy is 
currently in phase I clinical trials in cancer patients. 
TRAIL also shows promise for therapeutic effectiveness 
in combination with classical anticancer regimens. This 
potential lies in part in its mechanism of apoptosis 
induction. Death receptors, such as TRAIL receptor-

(R)1 and -R2 (DR4 and DR5) and CD95 (Fas/APO-1) 
can activate effector caspases independently of the 
mitochondria, that is, via another pathway than IR 
and chemotherapeutics. Ligand-induced receptor 
clustering leads to recruitment of the adapter molecule 
Fas-associated protein with death domain (FADD), 
inducer Caspase-8 and/or -10 and c-FLIP molecules 
[7, 8]. In the death-inducing signaling complex (DISC) 
thus formed at the receptor tail, Caspase-8/10 are 
activated. Upon self-processing by proteolysis, they 
are released into the cytosol where they find effector 
caspases as their targets. This is the direct pathway for 
effector caspase activation. In addition, by cleaving and 
activating BH3-only protein Bid, Caspase-8/10 connect 
death receptors to the mitochondrial pathway [9].
It depends on the cell type whether death receptors 
require the mitochondrial pathway for apoptotic 
execution. This has been ascertained by monitoring 
the effect of Bcl-2 overexpression or Bid deficiency on 
apoptosis induction, in particular by CD95. In this way, 
cells have been classified as type I or type II [10, 11]. 
In type II cells, the mitochondrial pathway is required 
for apoptosis induction, whereas in type I cells it is not. 
Type I and type II cells are discernible by the kinetics 
and effectiveness of DISC formation. It is proposed 
therefore that, in type II cells, the mitochondrial loop is 
required to amplify effector caspase activation [10, 11]. 
Death receptors can also activate the nuclear factor-
κB (NF-κB) signaling pathway [12], which can lead to 
transcriptional upregulation of apoptosis antagonists, 
such as inhibitory Bcl-2 family members, IAPs and 
c-FLIP [13]. 
In many studies with human tumor cell lines, TRAIL 
has additive or even synergistic interactions with 
anticancer drugs or IR in cell death induction. This 
has been shown both in vitro and upon xenografting 
of tumor cells in mice [14, 15]. For certain cell lines, 
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combined effects became more apparent when TRAIL 
was added 12–24 h after irradiation or chemotherapy 
[16, 17], which indicates that DNA-damaging regimens 
condition cells to more effectively undergo TRAIL-
induced apoptosis. Since DNA damage primarily relies 
on the mitochondrial pathway for caspase activation, 
while death receptors can bypass mitochondria, it 
can be envisioned how combined treatment can have 
additive effects on the apoptotic response. In addition, 
DNA damage can transcriptionally upregulate TRAIL-
R1, TRAIL-R2 [18, 19] and CD95 [20] and stimulate CD95 
transport to the cell surface [21], which may explain 
synergistic combined effects. However, combined 
effects are also observed without death receptor 
upregulation at the cell surface [22-25]. 
We have demonstrated that IR and TRAIL synergize 
for apoptosis induction in Jurkat T leukemic cells 
overexpressing Bcl-2. This translated in a strong 
combined therapeutic effect in vivo [26]. In the present 
study, we have investigated the mechanism underlying 
the enhanced response to combined treatment. We 
find that Jurkat cells, which are type II and largely 
reliant on a mitochondrial contribution in apoptosis 
induction by death ligands [10], no longer require this 
pathway for apoptotic execution after irradiation (or 
treatment with DNA-damaging anti-cancer drugs). 
This is explained by a strong increase in the efficacy of 
FADD recruitment and Caspase-8 and -10 activation in 
the TRAIL DISC after irradiation.

Results

Combining DNA-damaging regimens with death 
receptor stimulation overcomes apoptosis resistance 
imposed by Bcl-2
In the Jurkat clone J16 transduced with Bcl-2 (J16-
Bcl-2), the effects of IR and TRAIL on the apoptotic 
response are synergistic [26]. To address the mechanism 
underlying this synergy, we examined whether it was 
also manifest for another DNA-damaging input, the 
topoisomerase II inhibitor etoposide, and for another 
death ligand, CD95L. Cells were stimulated with IR or 
etoposide, in combination with TRAIL or CD95L, in 
different doses. Apoptosis was read out by nuclear 
fragmentation 48 h later. Control J16 cells showed high 
levels of apoptosis upon individual treatments (Figure 
1a). J16-Bcl-2 cells, on the other hand, showed low 
sensitivity to individual treatments, but high sensitivity 
to the combinations (Figure 1b). These results indicate 
that distinct DNA-damaging anticancer regimens can 
sensitize J16 cells with a blockade in the mitochondrial 
pathway to apoptosis induction by TRAIL as well as 
CD95L.

Apoptosis induction upon combined treatment is 
independent of the mitochondrial pathway
We have shown that combined treatment does not 
break Bcl-2-mediated mitochondrial resistance, as 
determined by Cyt c release [26]. To corroborate this 

Figure 1. DNA-damaging anticancer 
regimens synergize with death receptor 
ligands in apoptosis induction. Vector-
transduced J16 cells (A) and J16-Bcl-2 
cells (B) were treated with the indicated 
doses of IR, Et, IZ-TRAIL or CD95L alone 
or in combination. Apoptosis was read 
out by nuclear fragmentation after 48 
h. Data presented are representative of 
two independent experiments and are 
expressed as means +s.d. of triplicate 
samples. Et, etoposide; IR, ionizing 
radiation; TRAIL, tumor necrosis factor-
related apoptosis-inducing ligand.

A

B
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finding, we imposed an additional and independent 
blockade in the mitochondrial route by stable knock 
down (KD) of both Bak and Bax expression using RNA 
interference (RNAi). The effectiveness of the short 
hairpin constructs was demonstrated in J16 cells. 
Firstly, RNAi caused a significant reduction in steady-
state Bak and Bax protein levels, as determined by 
immunoblotting (Figure 2a, top left panel). Secondly, 
it significantly reduced the sensitivity of J16 cells to 
IR-induced apoptosis (Figure 2a, top right panel). 
Next, J16-Bcl-2 cells were transduced to coexpress 
the RNAi vectors for Bak and Bax. J16-Bcl-2 control 
cells and Bak/Bax KD cells were tested for sensitivity to 
single and combined modality treatment with IR and 
TRAIL in the indicated dose combinations (Figure 2a, 
bottom panels). The combined effect of IR and TRAIL 
on apoptosis induction appeared not to be dependent 
on a contribution by Bak and Bax, since it was not 
diminished in Bak/Bax KD cells.
To inhibit the mitochondrial pathway at a control point 

that is not directly regulated by the Bcl-2 family, we 
tested apoptosis sensitivity of J16 cells expressing a 
dominant-negative (dn) mutant of Caspase-9 (J16-
dnC9). The effectiveness of this mutant to block 
Caspase-9 activation was validated by subjecting 
J16 vector control cells and J16-dnC9 cells to IR. IR-
induced apoptosis was strongly reduced upon stable 
expression of dnCaspase-9 (Figure 2b, top left panel). 
Next, sensitivity to combined treatment was tested, in 
this case in a presensitization set up. J16-dnC9 cells 
were irradiated or not and tested 15 h later for TRAIL-
induced Caspase-3 activation by flow cytometry, using 
a specific antibody. At t=0, 15 h after exposure to IR, 
no Caspase-3 activation had occurred. Subsequent 
treatment with TRAIL did induce Caspase-3 activation, 
and this was significantly increased at all time points 
in cells that had been irradiated as compared to 
nonirradiated cells (Figure 2b, top right panel). To 
allow for a quantitative comparison with the effect of 
IR on TRAIL-induced apoptosis in J16 control and J16-

Figure 2. Combined treatment does not 
engage the mitochondrial apoptosis 
pathway. (A) Combined treatment does not 
overrule resistance imposed by Bcl-2. Top 
left panel: validation of Bak and Bax KD by 
immunoblotting for Bak and Bax protein 
levels in total cell lysates. Quantification of 
blots revealed a knock-down efficiency of 70 
and 50% for Bak and Bax, respectively. Top 
right panel: validation of Bak and Bax KD by 
reading out nuclear fragmentation 48 h after 
irradiation with the indicated doses. Bottom 
panels: J16-Bcl-2 cells were transduced with 
the validated Bak and Bax KD constructs or 
empty vector, stimulated with the indicated 
doses of IR and IZ-TRAIL and apoptosis was 
read out by nuclear fragmentation after 48 h. 
Data are representative of two independent 
experiments and means +s.d. of triplicate 
samples are shown. (B) Combined treatment 
is more effective than single treatment in 
absence of Caspase-9 activation. Top left 
panel: validation of a dnCaspase-9 mutant, 
stably expressed in J16 cells (J16-dnC9), by 
reading out nuclear fragmentation 48 h after 
irradiation with the indicated doses. Top right 
panel: effect of dnCaspase-9 on combined 
treatment. J16 vector control and dnCaspase-
9-transduced cells were treated with 10 Gy 
IR or left untreated. Fifteen hours later, cells 
were stimulated with 50 ng/ml IZ-TRAIL and 
analysed for active Caspase-3 at the indicated 
time periods. Means +s.d. of duplicate samples 
are shown. Data are representative of two 
independent experiments. Bottom panels: 
comparison of the extent of sensitization in J16 
transduced with empty vector, dnCaspase-9 or 
Bcl-2. Cells were sensitized and stimulated as 
described above. Left panel: primary data at 
t=4 h. Right panel: ratio of active Caspase-3 in 
irradiated cells versus non-irradiated cells after 
TRAIL stimulation for the indicated periods of 
time. Apoptosis at t=0 (15 h after irradiation) 
was subtracted from all samples. Statistical 
differences (**P<0.01 and ***P<0.0001) 
between samples according to two-tailed 
Student’s t-test. dnCaspase-9, dominant-
negative Caspase-9; IR, ionizing radiation; KD, 
knock down; TRAIL, tumor necrosis factor-
related apoptosis-inducing ligand.
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Bcl-2 cells, the ratio of active Caspase-3 in irradiated 
versus non-irradiated cells is shown for all three cell 
lines (Figure 2b, bottom right panel). Primary data at 
t=4h are given as illustration in the bottom left panel. 
The extent of sensitization was comparable for J16-
Bcl-2 and J16-dnC9 cells. In J16 cells, the ratio returned 
to 1 at later time points, which can be explained by the 
fact that these cells can still activate the mitochondrial 
amplification loop. The collective results indicate that 
IR improves the capacity of TRAIL to induce apoptosis 
via the direct, mitochondrion-independent route.

IR improves the capacity of death receptors to activate 
effector caspases
Next, we tested biochemically whether pre-treatment 
of J16-Bcl-2 cells with IR facilitated TRAIL-induced 
Caspase-3 activation. J16-Bcl-2 cells were irradiated 

and 15 h later, treated with TRAIL. Caspase-3 processing 
and activity were monitored at various time points by 
immunoblotting. At 60 min after TRAIL stimulation, 
Caspase-3 processing was visible in irradiated cells, 
but not in control cells (Figure 3a). Caspase-3 activity, 
as measured by cleavage of its substrate poly (ADP-
ribose) polymerase (PARP), was also significantly 
enhanced in irradiated cells at this time point (Figure 
3b). Improved Caspase-3 activation and activity in 
irradiated cells was apparent throughout the kinetic 
analysis, which was performed up to 180 min after 
TRAIL stimulation. IR had similar effects on CD95L-
induced Caspase-3 processing and activity (results 
not shown). We conclude that IR conditions the cells 
in such a way that the capacity of death receptors to 
activate effector caspases is improved.

Figure 4. Synergy is not due to effector caspase regulation by IAPs. (A) J16-Bcl-2 cells were stimulated with the indicated doses of IR or left 
untreated (-). After 15 h, levels of the indicated IAP protein were determined by immunoblotting. (B) J16-Bcl-2 cells were transduced with a vector 
encoding a cytosolic Smac mutant (J16-Bcl-2 ΔSmac) or control vector (J16-Bcl-2). Smac levels in cytosol and mitochondria (mito) were determined 
by immunoblotting in control (C) and ΔSmac (ΔS)-transduced cells. Actin served as a loading control. (C) J16-Bcl-2 ΔSmac and J16-Bcl-2 cells were 
stimulated with 50 ng/ml IZ-TRAIL, and Caspase-3 activation was read out at the indicated time points. Values presented are means +s.d. of duplicate 
samples and representative of two independent experiments. *Statistical differences (P<0.05) between cells according to two-tailed Student’s t-test. (D) 
J16-Bcl-2 ΔSmac and J16-Bcl-2 cells were treated with the indicated doses of IR±IZ-TRAIL and assayed for apoptosis after 48 h. Data presented are means 
+s.d. of duplicate samples and representative of two independent experiments. IAP, inhibitor of apoptosis protein; IR, ionizing radiation; TRAIL, tumor 
necrosis factor-related apoptosis-inducing ligand.

A B

C D

Figure 3. IR promotes TRAIL-induced effector 
caspase processing and activity. J16-Bcl-2 cells 
were left untreated (-) or irradiated (IR) with 10 
Gy (+). After 15 h (t=0), cells were stimulated with 
50 ng/ml IZ-TRAIL and harvested at the indicated 
time points. After separation by SDS–PAGE, 
protein levels of the Caspase-3 p32 proform and 
its p11 cleavage product (A) and the PARP p116 
proform and its p85 cleavage product (B) were 
determined by immunoblotting. Actin served 
as a loading control. Numbers indicate signals 
of Caspase-3 p11 fragment, as quantified from 
autoradiograms and were normalized to actin 
ECL signals in arbitrary units. ECL, enhanced 
chemiluminescence; IR, ionizing radiation; 
TRAIL, tumor necrosis factor-related apoptosis-
inducing ligand; SDS–PAGE, sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis.

A
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Improved effector caspase activity is not due to decreased 
IAP function
One scenario for improved effector caspase activation 
by death receptors in irradiated cells might be the 
altered expression or function of members of the 
IAP family. Genome-wide mRNA expression analysis 
indicated no alteration in transcription of IAP genes 
after treatment with IR or etoposide (Supplementary 
Figure 1). Moreover, protein levels of cIAP-1, cIAP-2 
and XIAP were not altered after irradiation (Figure 4a). 
To test whether altered IAP function might play a role 
in combined effects, we deliberately overruled IAP 
activity by expression of a Smac mutant that lacks the 
mitochondrial localization signal (ΔSmac). Whereas 
wild-type Smac is imported into mitochondria 
by virtue of this amino-terminal sequence and 
subsequently processed to the mature form, the Δ55 
mutant is constitutively expressed in the cytoplasm 
[27]. Cytoplasmic localization of ΔSmac was verified by 
immunoblotting of cytosolic and membrane fractions 
of J16-Bcl-2 cells. Whereas control J16-Bcl-2 cells only 
contained (endogenous) Smac in mitochondria, cells 
transduced with ΔSmac contained Smac in cytosol 
as well as mitochondria (Figure 4b). Functionality of 
ΔSmac was tested by stimulating control and ΔSmac-
transduced cells with TRAIL and assaying Caspase-3 
activation at the indicated time points. In repeated 
experiments, there was limited, but significantly 
more Caspase-3 activation (Figure 4c) and apoptosis 
induction (data not shown) in ΔSmac-transduced 
cells, indicating that the construct was functional. 
Next, ΔSmac-transduced cells were compared to 
control cells regarding their sensitivity to combined 
treatment with IR and TRAIL. IR sensitized both control 
and ΔSmac-expressing cells to a similar extent to 
TRAIL-induced apoptosis (Figure 4d). We conclude 
that downregulation of IAP activity is not a likely 
explanation for the combined effects of IR and TRAIL 
on effector caspase activity.

IR improves the capacity of death receptors to activate 
Caspase-8
Caspase-3 and other effector caspases are directly 

activated by Caspase-8 in the mitochondrion-
independent death receptor signaling pathway. 
Therefore, we investigated whether pretreatment with 
IR improved the capacity of J16-Bcl-2 cells to activate 
Caspase-8 upon TRAIL stimulation. For this purpose, 
Caspase-8 processing was followed in control and 
irradiated cells by immunoblotting of total cell lysates. 
As for Caspase-3 processing and activity (Figure 3), 
Caspase-8 processing was first observed at the 60 min 
time point in irradiated cells, but not in control cells 
(Figure 5a). At each subsequent time point throughout 
a 180 min period, Caspase-8 processing was more 
pronounced in irradiated cells than in control cells 
(Figure 5a). To determine Caspase-8 activity, which 
can also be displayed by the full-length form [28], 
we blotted cell lysates for the short form of c-FLIP 
(c-FLIPS), a highly specific Caspase-8 substrate [8]. 
Processing of c-FLIPS was evident in irradiated, but 
not in control cells at the 60 min time point, when 
processed Caspase-8 and -3 were also first observed. 
Throughout the time course, c-FLIPS processing was 
more pronounced in irradiated than in control cells 
(Figure 5b). We conclude that IR conditions J16-Bcl-2 
cells for improved Caspase-8 activation by TRAIL. 
IR had similar effects on CD95L-induced Caspase-8 
processing and activity (results not shown).

Modest effects of IR and etoposide on death receptor 
expression
Upregulation of death receptor expression at the 
plasma membrane was investigated, since it could 
potentially explain improved TRAIL-induced Caspase-3 
activation in irradiated cells. At 15 h after treatment 
with the indicated doses IR or etoposide, plasma 
membrane levels of TRAIL-R1, TRAIL-R2 (Figure 6a) and 
CD95 (Figure 6b) were determined by flow cytometric 
analysis of J16-Bcl-2 cells. TRAIL-R1 was barely 
detectable, in accordance with published results [7] 
and did not show any consistent upregulation after 
treatment. TRAIL-R2 levels were upregulated at most 
1.5-fold upon IR or etoposide treatment and CD95 
levels at most 1.3-fold. TRAIL decoy receptors were not 
detectable on J16-Bcl-2 cells either before or after IR 
(results not shown). Genome-wide mRNA expression 

Figure 5. IR promotes TRAIL-induced inducer 
caspase processing and activity. J16-Bcl-2 cells 
were stimulated and processed as indicated for 
Figure 3. Protein levels of the p53/55 Caspase-8 
proform and its p41/43 cleavage product (A) and 
the c-FLIPS proform and its cleavage product (B) 
were determined by immunoblotting. Actin 
served as a loading control. Numbers indicate 
signals of the Caspase-8 p41/43 fragment, as 
quantified from autoradiograms and normalized 
to actin ECL signals in arbitrary units. ECL, 
enhanced chemiluminescence; IR, ionizing 
radiation; TRAIL, tumor necrosis factor-related 
apoptosis-inducing ligand.

A
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profiling by microarray indicated that death- and 
decoy receptors were not transcriptionally regulated 
in 16 cells by IR or etoposide (Supplementary Figure 
1). We conclude that both stimuli have modest effects 
on receptor cell-surface expression.

IR improves the capacity of death receptors to form a 
DISC
Caspase-8 is multimerized and activated at the death 
receptor tail, in the DISC, which consists of a death 
ligand, its cognate receptor(s), FADD, Caspase-8 and/
or -10, and c-FLIP molecules [7, 8]. Therefore, we 
examined whether DISC formation was improved in 
irradiated cells as compared to control cells. The DISC 
was isolated from large numbers of J16-Bcl-2 cells by an 
established procedure [7], which involves stimulation 
with FLAG-tagged ligand and immunoprecipitation 
with anti-FLAG antibody. In this way, ligand, receptor 
and associated signaling components are isolated 
and can be immunoblotted to detect the individual 
components. J16-Bcl-2 cells were irradiated or left 
untreated. After 15 h, cells were stimulated with 
TRAIL for the indicated periods of time. TRAIL-induced 
Caspase-3 (Figure 7a) and PARP cleavage (data not 
shown), as ascertained by immunoblotting of total cell 
lysates, were clearly enhanced in irradiated cells. This 
result verified the synergy between IR and TRAIL in this 
setting. 
There was a small increase in the amount of cellbound 
TRAIL visible at 1 h after TRAIL stimulation in 
irradiated versus non-irradiated cells (Figure 7b). This 
is in agreement with the 1.5-fold increase in TRAIL-
R2 membrane expression observed at this time point 
(Figure 6). However, from 2 h after TRAIL stimulation, a 
change in the stoichiometry of the DISC was apparent 
in irradiated cells. The FADD to TRAIL ratio in the 

DISC was about fourfold higher in irradiated versus 
non-irradiated cells (Figure 7b). This result indicates 
that irradiation improves the capacity of TRAIL-R2 to 
recruit FADD, on a per receptor basis. The TRAIL DISC 
of irradiated cells also contained a larger amount of 
Caspase-8 and -10, as became apparent from 2 h after 
TRAIL stimulation (Figure 7b). At later time points, 
the DISCs of irradiated cells clearly contained more 
processed Caspase-8 and -10. Interestingly, despite 
the increased levels of FADD, the amount of c-FLIPL in 
the TRAIL DISC was comparable between irradiated 
and control cells (Figure 7b). Levels of c-FLIP isoforms 
in total cell lysates were not affected by IR (Figure 7c), 
nor was c-FLIP mRNA expression (Supplementary 
Figure 1). We conclude that in J16-Bcl-2 cells, IR affects 
the capacity of TRAIL-R2 to assemble a DISC in both 
quantitative and qualitative ways: FADD recruitment is 
enhanced and Caspase-8 and -10 content are favored 
over that of FLIPL. The apparent resultant is a more 
effective inducer of caspase activation. 

Discussion

This work was initiated to explore the mechanism, 
which underlies combined effects between IR and 
TRAIL in apoptotic execution of J16-Bcl-2 cells. We 
conclude that IR conditions J16-Bcl-2 cells in such a 
way that TRAIL-bound receptors can more efficiently 
recruit FADD and activate inducer caspases in the DISC. 
This apparently translates into increased Caspase-8 
activity in the cytosol and the capacity to bypass the 
mitochondrial pathway for effector caspase activation. 
Irradiated cells bound slightly more TRAIL than control 
cells (Figure 7), proportional to the about 1.5-fold 
upregulation of TRAIL-R2 at the cell surface (Figure 6). 

Figure 6. Effect of DNA damage on cell-
surface death receptor levels. J16-Bcl-2 
cells were stimulated with the indicated doses 
of Et or IR. After 15 h, TRAIL-R1 and TRAIL-R2 
membrane levels (A) or CD95 membrane 
levels (B) of live cells were determined by 
flow cytometry and are represented as MFI. 
Control is reactivity with isotype-matched 
irrelevant primary antibody. Et, etoposide; IR, 
ionizing radiation; MFI, mean fluorescence 
intensity; TRAIL, tumor necrosis factor-related 
apoptosis-inducing ligand.
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However, in irradiated cells four- to fivefold more FADD 
was recruited per TRAIL-ligated receptor complex than 
in control cells. This effect was thus standardized per 
activated receptor complex and cannot be explained 
by the availability of a higher number of TRAIL binding 
sites (receptors) at the cell surface. Since there might 
be threshold effect in FADD recruitment, we performed 
a direct test for a role of receptor upregulation in 

sensitization. We stably expressed exogenous TRAIL-
R2 in J16-Bcl-2 cells by retroviral transduction of a 
pMX vector in a configuration encoding an internal 
ribosomal entry sequence (IRES) and green fluorescent 
protein (GFP). We observed a strong selection against 
high GFP (thus TRAIL-R2) expression and accomplished 
a 1.5-fold upregulation at the cell surface. Transduced 
cells did not display enhanced sensitivity to TRAIL 
alone as compared to control cells, and combined 
treatment with IR still gave supra-additive effects on 
the apoptotic response (data not shown). Together, 
with the qualitative changes seen in the DISC, the 
collective data argue that death receptor upregulation 
at the cell surface does not explain the increased 
sensitivity of J16-Bcl-2 cells to combined treatment.
Two other studies have documented that DNA-
damaging stimuli - in this case chemotherapeutic 
drugs - improved TRAIL-induced DISC formation. This 
concerns HT-29 colon carcinoma cells, treated with 
cisplatin, doxorubicin or 5-fluorouracil (5-FU) [23] and 
hepatocellular carcinoma, treated with 5-FU [25]. These 
authors found, in common with our study, increased 
FADD and pro-Caspase-8/10, but not c-FLIPL content 
in the DISC, as well as increased Caspase-8/10 activity. 
5-FU, but not the other drugs resulted in a decreased 
level of c-FLIPL in total cell lysates. In J16-Bcl-2 cells, 
we did not observe a decrease in total cellular c-FLIPL 
levels after irradiation. The collective findings indicate 
that DNA-damaging regimens condition cells in such 
a way that ligand-bound death receptors become 
more competent to recruit FADD, but also assemble 
a qualitatively altered DISC. The DISC’s capability 
to recruit FADD is increased, while its propensity to 
recruit and/or maintain c-FLIPL is not. The change in 
Caspase-8/10 versus c-FLIPL ratio may contribute to 
improved Caspase-8/10 activation.
The increased FADD recruitment and Caspase-
8/10 activation in the DISC of irradiated cells may 
well explain the synergistic effects of IR and TRAIL. 
However, to gain evidence that this is the key 
mechanism underlying the combined effect, it was 
important to exclude other mechanisms. Altered IAP 
expression or function is unlikely according to our 
findings. Moreover, genome-wide mRNA expression 
profiling revealed that only three known apoptosis 
regulators are affected by both stimuli. BH3-only 
protein p53 upregulated modulator of apoptosis 
(PUMA) was modestly upregulated (Supplementary 
Figure 1). However, in the combined treatment 
setting, PUMA cannot play a decisive role, since it 
acts in the mitochondrial pathway. In addition, we 
found upregulation of the inhibitor of NF-κB signaling 
a (IκBα), as well as the RelB component of the NF-κB 
complex (Supplementary Figure 1). These two findings 
argue, respectively, in favor and against attenuated 
NF-κB signaling as explanation for the effect of DNA 
damaging regimens on TRAIL-induced apoptosis. 
We ruled out that attenuated NF-κB signaling plays 

Figure 7. IR promotes TRAIL-induced DISC formation. J16-Bcl-2 cells 
were stimulated with 10 Gy IR (+) or left untreated (-). After 15 h incubation, 
cells were stimulated with FLAG-TRAIL precoupled to biotinylated anti-
FLAG antibody for the indicated periods of time. TRAIL-bound receptor 
complexes were isolated using streptavidin-conjugated sepharose beads. 
Synergy in this setting was confirmed by blotting corresponding cell 
lysates for Caspase-3 (A), where Actin served as a loading control. TRAIL, 
FADD, c-FLIPL, Caspase-8 and -10 (B) protein levels were detected by 
immunoblotting. DISC components were quantified from autoradiograms 
and normalized to corresponding TRAIL levels (arbitrary units). c-FLIP 
protein levels were determined in J16-Bcl-2 cells at 15 h after irradiation 
with 10 Gy (C). DISC, death-inducing signaling complex; IR, ionizing 
radiation; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand

A

B

C
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a role in synergy by deliberate inhibition of the NF-κB 
pathway with a nonphosphorylatable mutant of IκBα 
(Supplementary Figure 2).
We show here that combined treatment with IR 
and death receptor ligand allows bypass of the 
mitochondrial pathway for apoptotic execution 
in J16-Bcl-2 cells. In other cell types, however, the 
mitochondrial pathway was essential for the combined 
effect. Specifically, in DU145 prostate carcinoma and 
HCT-116 colon carcinoma, the combined effect of IR 
and TRAIL relied on Bax [29, 30], in M28 mesothelioma 
it relied on Bid [31] and in a renal cell carcinoma it 
required Caspase-9 [32]. Jurkat cells are classically 
defined as type II cells that require a mitochondrial 
contribution to CD95L-induced apoptosis [10]. 
However, as compared to type II solid tumor cell lines, 
Jurkat cells may be less reliant on this pathway. At high 
doses of death ligand and prolonged incubation, the 
direct pathway suffices for apoptotic execution [15, 33]. 
Possibly, therefore, improved inducer caspase activation 
by DNA-damaging stimuli is the common cause of the 
combined effects on apoptotic execution in all tumor 
cell types. In some tumor types, the mitochondrial 
pathway will still be required for apoptotic execution, 
while in other cell types, the direct pathway will suffice. 
Dose and activity of the recombinant TRAIL used and 
the consequent extent of inducer caspase activation 
might be a decisive factor in this.
Further work is needed to establish whether the here 
outlined quantitative and qualitative alterations in the 
DISC are a general principle by which DNA-damaging 
regimens increase cellular sensitivity to TRAIL- and 
CD95L-induced apoptosis. Regarding this mechanism, 
main outstanding questions are (1) how these cellular 
stressors couple back to the DISC and (2) what is the 
exact molecular basis of the altered capacity of death 
receptors to recruit DISC components. The JNK1 
pathway is activated by diverse cellular stressors, 
including IR and anticancer drugs and has already been 
implicated in synergy between TRAIL and etoposide 
[24]. Recent findings indicate that the JNK1 pathway 
controls c-FLIPL ubiquitination [34], suggesting one 
answer to the first question. In addition, cellular stress 
may well impact on death receptor distribution in 
membrane microdomains (rafts) and/or endosomal 
compartments, which is a decisive factor for signaling 
outcome [11]. This is therefore an important area of 
further investigation.

Materials and Methods

Cells and stimulation
The J16 Jurkat clone was derived and selected as described 
[35]. These cells have one wild-type and one mutant p53 
allele and undergo DNA damage-induced apoptosis in a p53-
independent manner [26, 36]. J16 cells, stably overexpressing 
Bcl-2 (J16-Bcl-2) or the dnCaspase-9 active site mutant C287A 
(J16-dnC9), were generated by retroviral transduction [36]. For 

apoptosis assays, J16 cells were stimulated with the indicated 
doses of death receptor ligand, etoposide or IR in Iscove’s 
modified Dulbecco’s medium with 5% fetal bovine serum and 
cultured for the indicated time periods at 37°C, 5% CO2. Soluble 
human recombinant FLAG-tagged CD95L and -TRAIL were from 
Alexis (Lausen, Switzerland). Isoleucine zippered (IZ)-TRAIL 
was produced as described [37]. Etoposide was from Sigma-
Aldrich (St Louis, MO, USA). Irradiation of cells was performed 
with a 137Cs source (415Ci; Von Gahlen Nederland BV, Zevenaar, 
The Netherlands) at an absorbed dose rate of approximately 
0.66Gy/min.

Constructs
Unless stated otherwise, cDNAs were cloned into the retroviral 
vector pMX [38] in an IRES–GFP configuration. Plasmid pOTB7-
DIABLO with a cDNA insert encoding full-length human Smac/
DIABLO was from the Mammalian Gene Collection (http://
mgc.nci.nih.gov). The Δ55 Smac mutant [27] was produced by 
introducing suitable restriction sites by PCR. RNAi was performed 
using short hairpin RNA for Bak (complementary sense and 
antisense oligonucleotides 5’-GGACGACATCAACCGACGC-3’) 
and Bax (5’-CCAGCAAACTGGTGCTCAA-3’) cloned into the 
retroviral vector pRETRO-SUPER [39], with a hygromycin or 
puromycin resistance cassette, respectively. All constructs were 
verified by dideoxynucleotide sequencing.

Retroviral gene transduction
To produce retrovirus, pMX and pRETRO-SUPER constructs were 
transfected into the HT1080 packaging cell line FLY [40], using 
FuGENE 6 transfection reagent (Roche Molecular Biochemicals, 
Mannheim, Germany). After 48 h of culture, virus-containing 
supernatant was harvested. J16-Bcl-2 cells were seeded at 
5x105 cells/ml on dishes coated with RetroNectin (TaKaRa Bio 
USA, Madison WI, USA) and transduced by overnight culture 
in 500 μl viruscontaining supernatant plus 500 μl medium. 
Cells were cultured in fresh medium for 3–4 days after which 
GFP-positive cells were sorted by flow cytometry in case of 
transduction with pMX. Sorting was performed at least twice 
before starting experiments. Cells were selected after 3 days 
with 500 μg/ml hygromycin B (Invitrogen, Carlsbad, CA, USA) 
or 1 μg/ml puromycin (Sigma) in case of transduction with 
pRETRO-SUPER.

Apoptosis assays and flow cytometry
Nuclear fragmentation was determined by flow cytometric 
analysis of propidium iodide (PI)-stained nuclei [41]. Percentage 
of subdiploid PI-positive particles was scored as percentage 
apoptosis. Background apoptosis in medium control cells was 
always less than 10% and subtracted from the percentage 
apoptosis in stimulated cells. Active Caspase-3 content was 
determined by fixing the cells with 4% paraformaldehyde in 
phosphate-buffered saline (PBS) and permeabilizing them 
with 0.1% saponin in PBS and 0.5% bovine serum albumin. 
Cells were stained with rabbit anti-active Caspase-3 antibody 
(1:50; BD Biosciences, Erembodegem, Belgium) followed by 
AlexaFluor 647-conjugated goat anti-rabbit immunoglobulin 
(Ig) (1:100; Molecular Probes, Leiden, The Netherlands) and 
analysed by flow cytometry. For flow cytometric detection 
of death receptors, we used anti-CD95 mAb 7C11 (1:200; 
Immunotech, Marseille, France) combined with fluorescein 
isothiocyanate-conjugated goat anti-mouse Ig Fab0 (1:200; 
Dako A/S, Glostrup, Denmark), or biotinylated anti-TRAIL-R1 
mAb DJR1 and anti-TRAILR2 mAb DJR2-4 (1:250 and 1:500, 
eBioscience, San Diego, CA, USA) combined with streptavidin–
allophycocyanin conjugate (1:200; Molecular Probes). Samples 
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were gated on live cells and data were analysed using FCS 
Express (De Novo Software, Thornhill, Canada).

DISC isolation
J16-Bcl-2 cells were stimulated with 10 Gy IR and 15 h later 
seeded at 108 cells/sample in 30 ml medium in a 15-cm dish. 
Cell stimulation and DISC isolation was performed essentially 
as described [7] with some minor modifications. Briefly, cells 
were cultured at 37°C, 5% CO2 with 1.5 μg (=50 ng/ml) FLAG-
TRAIL precomplexed to 7.5 μg (=250 ng/ml) biotinylated anti-
FLAG antibody M2 (Sigma) for the indicated time periods. Next, 
cells were placed on ice, washed twice with ice-cold PBS and 
solubilized in Triton X-100 lysis buffer (30mM Tris-HCl pH 7.5,  
150 mM NaCl, 1% Triton X-100, 10% glycerol and protease 
inhibitors) for 30 min on ice. Lysates were cleared twice by 
centrifugation at 13 000 g and resulting protein complexes 
were precipitated by overnight incubation at 4°C with 50 
μl streptavidin-conjugated sepharose beads (Zymed, San 
Francisco, CA, USA). Beads were washed five times with lysis 
buffer before elution of the protein complexes from the beads 
with reducing SDS sample buffer.

Cell fractionation
For separation of cytosolic and membrane fractions, cells 
were washed in PBS and resuspended in 20mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.5, 220mM 
mannitol, 68mM sucrose, 10mM KCl, 1.5mM MgCl2, 1mM 
ethylenediaminetetraacetic acid (EDTA), 1mM EGTA (ethylene 
glycol-bis(b-aminoethyl ether)-N,N,N1,N1,-tetraacetic acid), 
1mM dithiothreitol and protease inhibitors [9] and allowed to 
swell on ice for 1 h. Cells were passed through a 26G needle 
(10 strokes) and homogenates were centrifuged in a Beckman 
Airfuge at 100 000 g for 20 min at 4°C. Supernatants (cytosol) 
were harvested and pellets (membranes) were solubilized 
in Nonidet P-40 lysis buffer (10mM triethanolamine pH 8.0, 

150mM NaCl, 1% Nonidet P-40, 5mM EDTA and protease 
inhibitors) and incubated on ice for 30 min. Next, samples were 
cleared by centrifugation at 13 000 g for 10 min at 4°C.

Immunoblotting
DISC precipitate or 40 μg of total cellular protein (determined 
by Bio-Rad, München, Germany, protein assay) were separated 
on 4–12% NuPage Bis-Tris gradient gels (Invitrogen) in 
MES buffer, according to the manufacturer’s instructions. 
Subsequent immunoblotting was performed as described 
[35]. Proteins were detected with the following antibodies: 
mouse anti-c-FLIP mAb NF-6 (1:500; Alexis), rabbit anti-Usurpin 
(c-FLIP) serum (1:2000; a kind gift from D Nicholson Merck 
Frosst Centre for Therapeutic Research, Quebec, Canada; [42]; 
mouse anti-FADD mAb (1:250; Transduction Laboratories/BD 
Biosciences), rabbit anti-Caspase-8 pAb (1:500; BD Biosciences), 
goat anti-Caspase-3 pAb CPP32 p11 (1:500), rabbit anti-Bax 
pAb N20 (1:250; both from Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), mouse anti-Caspase-10 mAb 4C1 (1:1000; MBL 
International, Woburn, MA, USA), mouse anti-Smac mAb 78-
1-118 (1:700; Upstate, Charlottesville, VA, USA), mouse anti-
Actin mAb C4 (1:10 000; Chemicon International, Temecula, 
CA, USA), rabbit anti-PARP pAb 9542 (1:2000; Cell Signaling 
Technology, Danvers, MA,  USA), mouse anti-Bak mAb AM04 
(1:100; Calbiochem, Darmstadt, Germany). FLAG-TRAIL was 
detected with horseradish peroxidase-conjugated mouse anti-
FLAG mAb M2 (1:10 000; Sigma). Second-step antibodies were 
horseradish peroxidase-conjugated rabbit anti-goat Ig (1:7500), 
rabbit anti-mouse Ig (1:7500) and swine anti-rabbit Ig (1:7500; 
all from Dako A/S). The enhanced chemiluminescence (ECL) 
kit was from Pierce Biotechnology (Rockford, IL, USA). Where 
appropriate, autoradiography signals were quantified using a 
Fluorchem 8000 chemiluminescence imager (Alpha Innotech 
Corp., San Leandro, CA, USA).
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Supplementary Information

Supplementary Results

Transcriptional effects of DNA-damaging regimens
To investigate in an unbiased manner how IR and 
etoposide modulated expression of potential apoptosis 
regulators, we performed genome wide mRNA 
profiling by microarray. J16 cells were stimulated with 
IR or etoposide, RNA was isolated at the indicated time 
points between 1 and 16 h after initiation of treatment 
and the transcriptome was compared to that of 
unstimulated cells. A number of genes were modulated 
in expression both after IR and etoposide treatment, 
corroborating that these two stimuli have a qualitatively 
related impact on cellular function (Supplementary 
Fig. 1). Downregulated genes included those involved 
in cell cycle progression (BUB1A, Cell division cycle 
20, G2/M specific cyclin B1), but no obvious apoptosis 
inhibitors. Upregulatedgenes include various histones 

(H2A.O, H3.1, H2B.R), zinc finger proteins (354B, 647) 
and transcription factors (GADD34, GADD153, JUN-D, 
ATF-3). Amongst known apoptosis regulators, we 
found evidence for upregulation of BH3-only protein 
PUMA, but not for any other pro-apoptotic molecules 
like caspases, death receptors or components of the 
death receptor signaling pathway. PUMA mRNA 
upregulation was consistent with our earlier results 
using PCR and did not result in detectable PUMA 
protein levels [36]. From 9 h after DNA damage, a 
1.5- to 4-fold upregulation was observed of IκBα, an 
inhibitor of NF-κB activation, but protein levels were 
not detectably altered (results not shown). A more 
modest upregulation of the RelB component of the 
NF-κB complex was observed as well.

Supplementary Figure 1. Identification of genes transcriptionally regulated by IR and etoposide. J16 cells were stimulated with the IR (30 Gy) 
or etoposide (Et, 10 μg/ml) and incubated for the indicated time periods (h). mRNA profiles were analyzed and compared to unstimulated cells. The 
heat map include genes that showed a statistically significant (p<0.01) up- or downregulation of at least 1.8 fold in at least 3 out of 6 time points after 
treatment with etoposide as well as IR. The ordering in the heat map is arbitrary.
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Inhibition of the NF-κB pathway does not alter combined 
effects on apoptosis induction
To investigate a potential role of the NF-κB pathway in 
determining sensitivity of J16-Bcl-2 cells to combined 
treatment with DNA-damaging regimens and death 
receptor ligands, a genetic approach was taken. A 
serine mutant of IκBα (IκBα AA), which can no longer 
be ubiquitinated and degraded, preventing nuclear 
translocation of NF-κB [43] was stably expressed 
in J16-Bcl-2 cells by retroviral gene transduction 
(Supplementary fig. 2A). Control cells were transduced 
with empty vector. To validate the functionality of the 
IκBα AA mutant, J16-Bcl-2 cells were treated with TNFα 
in presence or absence of the protein synthesis inhibitor 
CHX and assayed for apoptosis. Whereas control cells 

were resistant to TNFα and only became sensitive when 
protein synthesis (amongst others directed by NF-κB) 
was inhibited, cells expressing the IκBα AA mutant were 
sensitive to treatment with TNFα only (Supplementary 
fig. 2B). This corroborated functionality of the construct. 
Next, we tested responses to DNA-damaging agents 
and death receptor ligands. For this purpose, cells were 
stimulated with the indicated doses of IR and TRAIL 
for 48 h. In cells expressing the IκBα AA mutant the 
combined effect of IR and TRAIL on apoptosis induction 
was as strong as in control cells (Supplementary fig. 2C). 
We conclude therefore that the enhanced sensitivity of 
irradiated cells to death receptor-induced apoptosis is 
not due to modulation of the NF-κB pathway by IR.

Supplementary Figure 2. NF-κB pathway is not involved in combined responses to IR and TRAIL. The involvement of the NF-κB pathway in 
combined responses to IR and TRAIL was investigated by retrovirally transducing J16-Bcl-2 cells with a nonphosphorylatable IκBα mutant (J16-Bcl-2 IκBα 
AA) or control vector (J16-Bcl-2). IκBα and Actin levels were determined by immunoblotting (A) and functional validation of IκBα AA transduced cells was 
performed using the nuclear fragmentation apoptosis assay after treatment (24 h) with the indicated doses of CHX and TNFα alone or in combination (B). 
Values shown are means + SD of triplicate samples. Next, J16-Bcl-2 IκBα AA cells and J16-Bcl-2 cells were subjected to the indicated doses of IR ± IZ-TRAIL 
and assayed for apoptosis after 48 h (C). Values shown are means + SD of triplicate samples.

A B

C
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Supplementary Materials and Methods

Reagents
Rabbit anti-IκBα pAb C-15 (1:200) was from Santa Cruz 
Biotechnology, Santa Cruz, CA). TNFα and cycloheximide (CHX) 
were from Sigma.

Constructs
The IκBαAA mutant with S32A and S36A point mutations 
was generated by introducing S36A mutation and suitable 
restriction sites by PCR into pCMV4-IκBα-S32A (from B.C. Geyer, 
Vanderbilt University School of Medicine, Nashville TN) and was 
subcloned into pMX-IRES-GFP. Functional effects of this mutant 
have first been described by Wang et al. [43].

Gene expression profiling
Total RNA was isolated using the RNeasy kit (Qiagen, West 
Sussex, U.K.), DNase-treated with the RNase-free DNase kit 
(Qiagen) and dissolved in RNase-free H2O. Three μg total 
RNA was used to generate cDNA by using SuperScript 
II (Invitrogen) and an oligo(dT) primer containing a T7 

polymerase recognition site. Amplified RNA was generated by 
in vitro transcription using T7 RNA polymerase (MEGAscript 
T7 kit, Ambion, Huntingdon, U.K.). Amplification yields were 
1000- to 2000-fold. Microarrays spotted with the Operon 
v3 oligonucleotide library, representing 35,000 human 
genes, were obtained from the central microarray facility 
of The Netherlands Cancer Institute. Protocols for sample 
preparation are supplied at http://microarrays.nki.nl and are 
briefly described below. Amplified RNA was labeled using 
Cy5- and Cy3-ULS (ULS aRNA fluorescent labeling kit, Kreatech, 
Amsterdam, The Netherlands) and fragmented into stretches 
of 60-200 bases (RNA fragmentation reagents, Ambion, 
Austin, TX) before adding the probes to the microarray slides. 
Microarrays were scanned on an Agilent Microarray scanner 
(Agilent Technologies, Palo Alto, CA) and data extraction was 
performed using Imagene 6.0 (BioDiscovery Inc., Los Angeles, 
CA). Each experiment consisted of two microarrays, to allow 
for the dyes to be reversed between the unstimulated and 
IR- or etoposide treated sample to reduce systemic errors due 
to oligo specific dye preferences. Heat maps were generated 
using TIGR MultiExperiment Viewer 3.1 software.
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Purpose: Various proapoptotic agents are currently being explored to improve the outcome 
of radiotherapy. We have evaluated whether APO010 - a novel recombinant ligand of the Fas/
CD95 death receptor - enhanced the cytotoxic effect of radiation on lymphoid and solid tumor 
cell types. Experimental Design: A Bcl-2-overexpressing T-leukemic cell line (Jurkat), a colon 
carcinoma cell line (HCT116), and a mesothelioma cell line were used as model systems in vitro 
and in a subcutaneous transplant setting in immunodeficient mice. Sensitivity to single and 
combined treatment was read out by apoptosis hallmarks and clonogenic survival in vitro, 
and by tumor growth delay using bioluminescence and palpation in vivo. Results: Whereas 
the three cell lines resisted apoptosis induction by irradiation and APO010 alone, combined 
treatment greatly enhanced their apoptotic response. In clonogenic survival assays, APO010 
reduced the outgrowth of Jurkat-Bcl-2 and HCT116 cells and sensitized the mesothelioma cell 
line to radiation. In vivo, systemic treatment with APO010 alone caused tumor growth delay 
inJurkat-Bcl-2 and HCT116 cells. However, APO010 did not improve the efficacy of radiotherapy 
in any of the model systems at the selected single dose, which had moderate and reversible 
systemic toxicity. Conclusions: Although APO010 and radiation had a clear combined cytotoxic 
effect on tumor cells in vitro, a combined therapeutic effect was not achieved on the same cells 
subcutaneously grafted in mice, at APO010 doses approximating the maximally tolerable level. 
These findings suggest that it will be difficult to identify a therapeutic window for this combined 
modality approach in a clinical setting.

Introduction

The success of radiotherapy in the treatment of 
cancer is limited by the small window of differential 
sensitivity between normal tissue and tumor cells and 
the radioresistance of tumor tissue. Combination of 
radiotherapy with conventional chemotherapeutics, 
in particular, cisplatin [1], has improved efficacy, 
but treatment results are still suboptimal. Current 
knowledge on the molecular mechanism of apoptosis 
can now be applied to rationally design new therapeutics 
that achieve higher cytotoxic efficacy, bypassing death 
resistance in tumor cells while leaving normal tissues 
unaffected. These drugs should preferably induce cell 
death by molecular mechanisms distinct from those 
activated by conventional chemotherapy/radiotherapy 
because this would enable additive or synergistic 
interactions and reduce the risk of therapy resistance.
Ionizing radiation, cisplatin, and many other 
conventional chemotherapeutics induce DNA damage, 
which is translated into a variety of cellular responses by 
partially defined signaling events. In response to DNA 
damage, cells arrest in cycle, in a p53-dependent or 
p53-independent manner to enable DNA repair. Failing 
this, apoptotic cell death, irreversible cell cycle arrest, 
or cell death due to mitotic catastrophe may ensue, 
all resulting in lack of clonogenicity [2]. Apoptosis 
induction by DNA-damaging regimens—which can 
occur in both p53-dependent and p53-independent 
ways—can be blocked by Bcl-2, indicating that it 
is reliant on the mitochondrial apoptosis signaling 
route [3]. To what extent apoptosis contributes to the 

antitumor effect of (fractionated) radiotherapy, remains 
a matter of debate and depends on many factors, 
including cell type. It should be noted, however, that 
modulation of apoptosis-regulating genes, including 
Bcl-2, might have an affect on clonogenicity and tumor 
response after radiation in vitro and in vivo [4].
Death receptor ligands, in particular, Fas (APO1/
CD95) ligand (L) and tumor necrosis factor–related 
apoptosis-inducing ligand (TRAIL) are potentially 
interesting for combination therapy because of their 
mechanism of apoptosis induction. They operate 
irrespective of the p53 status of cells and can activate 
effector caspases independently of the mitochondria, 
that is, via a pathway other than that used by DNA-
damaging regimens [5]. In this scenario, with ionizing 
radiation hampering clonogenicity (by cell cycle arrest, 
mitotic catastrophe, and mitochondrion-dependent 
apoptosis) and death receptors inducing apoptosis (in 
part via a mitochondrion-independent pathway), it can 
be envisioned how combined treatment can increment 
the antitumor response and improve therapeutic 
outcome in radiotherapy. 
Preclinical studies indicated a number of years ago that 
soluble recombinant TRAIL and agonistic antibodies 
directed against TRAIL receptor-1 and -2 are promising 
anticancer therapeutics. TRAIL induced apoptosis in a 
large proportion of long-term established tumor cell 
lines, but was not toxic to normal tissue [6, 7]. Presently, 
several phase I and II clinical trials with TRAIL receptor 
agonists have been completed and have corroborated 
low toxicity [8]. Preclinical studies indicate, however, 
that for optimal efficacy, these reagents must be 
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combined with conventional or novel therapeutics. 
These studies have also revealed that radiation and 
conventional anticancer drugs can sensitize tumor cells 
to TRAIL-induced apoptosis by a variety of mechanisms 
(ref. [9] and references therein). Clinical trials will have 
to point out whether these encouraging experimental 
observations are predictive of the patient response to 
combined modality treatment.
Although TRAIL receptors and Fas induce apoptosis by 
highly similar mechanisms [5], Fas agonists have not 
been pursued for cancer therapy. Such application was 
discouraged by the early observation that systemic 
treatment of mice with anti-Fas antibody resulted in 
acute, lethal hepatotoxicity [10]. Recently, however, 
a novel form of soluble recombinant FasL has been 

generated. This so-called MegaFas Ligand—currently 
named APO010—is composed of a fusion protein of the 
extracellular domain of FasL and the collagen domain 
of ACRP30. Whereas FasL naturally forms a trimer, the 
ACRP30 domain imposes a hexameric configuration of 
the molecule, i.e., a dimer of FasL trimers. The dimeric 
state allows APO010 to crosslink two adjacent Fas 
receptor trimers, which renders it highly agonistic 
as compared with other available forms of soluble 
recombinant FasL or anti-Fas antibodies [11-13]. We 
reasoned that, in radiotherapy, a local combined 
therapeutic effect might be achieved at APO010 
concentrations that have acceptable systemic toxicity 
or none at all. Therefore, this potential application 
was evaluated. We have tested—both in short-term 
apoptosis assays as well as in clonogenic survival 
assays—the in vitro responsiveness of lymphoid 
and solid tumor types to combined treatment with 
ionizing radiation and APO010. We next grafted these 
tumor cells into nude mice and monitored tumor 
regression as well as normal tissue toxicity upon single 
and combined modality treatment.

Results

Apoptotic responses to ionizing radiation and APO010 
in vitro 
The apoptotic response of the model cell lines was 
tested in short-term assays. Whereas wild-type 
T-leukemic J16 cells are sensitive to radiation-induced 
apoptosis, Bcl-2 overexpression is known to render 
them resistant [9, 14], as also observed here (Fig. 1A). 
J16-Bcl-2 cells underwent apoptosis upon treatment 
with APO010 alone at doses higher than 0.1 ng/
mL, but their sensitivity was significantly increased 
when APO010 was combined with radiation (Fig. 1A). 
HCT116 colon carcinoma cells (Fig. 1B) and 03JJO215 
mesothelioma cells (Fig. 1C) underwent low-level 
apoptosis upon treatment with radiation alone and 
were hardly sensitive to APO010 alone at doses up to 10 
ng/mL, but displayed significantly increased apoptosis 

Translational Relevance

APO010, a novel recombinant form of Fas/CD95 
ligand, is currently in a phase I dose-escalation 
trial in patients with solid tumors. We have 
investigated the feasibility of combination therapy 
with APO010 and radiotherapy in leukemic and 
solid tumor cell types. This approach is attractive 
because a potential combined treatment effect 
would be local and limit normal tissue toxicity. 
By analogy to what has been documented for 
tumor necrosis factor-related apoptosis-inducing 
ligand and radiotherapy, we found a significant 
combined effect of both treatment regimens on 
cell death induction, as read out by apoptosis 
and clonogenic survival in vitro. In vivo, however, 
the combination of systemically administered 
APO010 and radiotherapy did not significantly 
enhance tumor growth delay, as compared with 
the single modality treatments. Toxicity data 
indicated that further dose-escalation of APO010 
was not achievable. We suggest therefore that 
future studies should address the efficacy of locally 
applied APO010 as a radiation-enhancing agent.

Fig.1. Ionizing radiation and APO010 show combined effect on apoptosis induction in vitro. Dose-response curves forAPO010 treatment of cells 
that were irradiated at 10Gy (IR) or left untreated (Control). Apoptosis was read out by nuclear fragmentation for J16-Bcl-2 (A) and HCT116 (B) cells and 
by the presence of active caspase-3 for 03JJO215 (C) cells at 48 h after treatment. Points, mean derived from two independent experiments done in 
duplicate (J16-Bcl-2 and HCT116) or three independent experiments (03JJO215); bars, SD. Statistical differences (*, P < 0.05; **, P < 0.001) between values 
obtained upon combined treatment (IR and APO010) and the sum of the values obtained upon the respective single treatments.

A B C
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upon combined treatment. We found that radiation 
could sensitize all three tumor cell lines for APO010-
induced apoptosis in a dose-dependent fashion (data 
not shown). A single dose of 10 Gy was found to produce 
optimal sensitizing conditions as compared with the 
lower doses of irradiation. We conclude that for all 
three cell lines, combined treatment with radiation and 
APO010 strongly enhanced the apoptotic response. 

Clonogenic survival of irradiated cells cultured in the 
absence or presence of APO010 
To investigate the combined effects of radiation and 
APO010 on cell survival, we used long-term clonogenic 
assays that incorporate effects on cell cycle activity and 
apoptotic as well as nonapoptotic modes of cell death 
[2]. A direct comparison of clonogenicity after treatment 
with radiation alone revealed that J16-Bcl-2 and HCT116 
cells had a similar degree of radiosensitivity, whereas 
03JJO215 cells were more radioresistant (Supplemental 
Fig. S1). It should be noted that at low doses of ionizing 
radiation, the survival curve of HCT116 and 03JJO215 
cells showed a small shoulder region, indicative of 
sublethal DNA damage repair. In agreement with the 
sensitivity to APO010-induced apoptosis, the number 
of surviving colonies of J16-Bcl-2 cells was clearly 
reduced after treatment with APO010 alone (Fig. 2A). 
This was observed to a lesser degree for HCT116 cells 
and was not noticeable for 03JJO215 cells (Fig. 2B and 
C). The clonogenicity of untreated cells or cells treated 
with APO010 alone at 0 Gy was normalized to 100% to 
yield the curves depicted in Fig. 3. In case of J16-Bcl-2 
and HCT116, the curves indicating clonogenic survival 

after treatment with different doses of radiation alone 
(control) and combined treatment with APO010 were 
overlapping (Fig. 3A and B). This is in agreement with 
the similar slopes of the curves depicted in Fig. 2 
and implies that APO010 had no significant effect on 
the intrinsic radiosensitivity of these cells. In case of 
03JJO215, however, the slope of the survival curve 
was steeper after combined treatment with radiation 
and APO010 than after treatment with radiation alone 
(Fig. 3C). This data set indicates that APO010 reduced 
the initial clonogenicity of J16-Bcl-2 and HCT116 cells 
by increasing the apoptotic response, but had no effect 
on radiosensitivity, whereas it enhanced the intrinsic 
radiosensitivity of 03JJO215 cells.

Effects of radiotherapy and APO010 on tumor growth in 
vivo 
The effects of combined treatment in vitro prompted 
us to explore the in vivo potential of this treatment 
in a xenograft setting, using immunodeficient mice 
as recipients. Tumor cell inoculation protocols were 
explored to find the optimal setting for subcutaneous 
establishment of the different tumor cell types and 
dose finding for local irradiation was done to arrive at a 
noncurative treatment dose of 10 Gy. APO010 delivery 
(intraperitoneal) and dosage (3 x 15 µg/kg) were based 
on previous experience [13]. Caliper measurements 
showed that J16-Bcl-2 tumors in controlmice grew 
steadily and reached the DEP at ~6.2 (±1.4) weeks (Fig. 
4A). Tumors of mice that were treated with APO010 
alone showed a slight growth delay compared with 
mock-treated animals (control) and reached the DEP 

Fig. 2. Absolute effects of APO010 on 
clonogenic survival of irradiated cells. 
J16-Bcl-2 (A), HCT116 (B), and 03JJO215 (C) 
cells were treated with the indicated doses of 
ionizing radiation (IR) and one dose of APO010. 
Absolute clonogenic survival of the individual 
cell lines after treatment with IR alone (Control) 
or in combination with APO010. Data are 
representative of at least two independent 
experiments and were fitted according to a 
second-order polynomial model.

Fig. 3. Normalized effects of APO010 on 
clonogenic survival of irradiated cells. J16-
Bcl-2 (A), HCT116 (B), or 03JJO215 (C) cells 
were treated with the indicated doses of 
ionizing radiation (IR) and one dose of APO010. 
Normalized clonogenic survival of the individual 
cell lines after treatment with IR alone (Control) 
or in combination with APO010 from Fig. 2. 
Clonogenicity in medium or after treatment 
with APO010 alone at 0 Gy was set at 100%.

A B C
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after 9.2 (±2.6) weeks (P = 0.05). Tumors of mice that 
were treated with irradiation alone or in combination 
with APO010 regressed initially, but grew out again. 
Compared with mock treatment, irradiation caused 
tumor growth delay (P < 0.01), but the addition of 
APO010 did not further promote this. 
The evaluation of tumor growth with bioluminescence 
imaging corroborated the slight growth delay of J16-
Bcl-2 tumors after treatment with APO010 alone and 
clearly revealed tumor regression in mice treated 
with radiation alone, as well as tumor regrowth 
in subsequent weeks. In agreement with caliper 
measurements, bioluminescence imaging did not 
show an additional effect of combined treatment with 
APO010 and ionizing radiation on J16-Bcl-2 tumor 
growth (Supplemental Fig. S2A). 
Survival curves were constructed based on the time 
required to reach the DEP (Fig. 5). These indicated 
that treatment with APO010 alone caused a slightly 
improved survival of J16-Bcl-2 tumor-bearing animals as 
compared with control (Fig. 5A). Radiation alone clearly 
enhanced overall survival of the mice as compared 
with control, but no additional effect was observed of 
combined treatment with radiation and APO010.
HCT116 colon tumors reached the DEP at 8.3 ± 1.5 

days and showed slight growth delay when mice were 
treated with APO010 alone, reaching the DEP at 11.5 ± 
2.1 days (P = 0.02; Fig. 4B). Radiation caused a significant 
delay in the growth of HCT116 tumors, which reached 
the DEP at 21 ± 4 days (P < 0.01), however, combined 
treatment with APO010 and radiation did not further 
delay tumor growth (DEP, 18.4 ± 2.9 days; Fig. 4B). 
Bioluminescence imaging corroborated the effects 
of radiation and combined treatment (Supplemental 
Fig. S2B). In concordance, overall survival of APO010-
treated animals was slightly better than in the control 
situation. Radiation significantly enhanced survival, 
but APO010 did not promote the therapeutic effect of 
radiation (Fig. 5B).
03JJO215 mesothelioma tumors reached the DEP in 
absence of treatment at 16.2 ± 3.1 days. Tumors in mice 
receiving APO010 reached the DEP after 18.2 ± 5.3 
days (Fig. 4C). Radiation alone caused a clear reduction 
in tumor growth, resulting in a DEP of 27.2 ± 3.6 days        
(P < 0.01). However, as for the other tumors, combined 
treatment with radiation and APO010 did not further 
reduce tumor growth (DEP at 23.5 ± 3.3 days). 
Bioluminescence imaging (Supplemental Fig. S2C) 
and survival curves (Fig. 5C) reflected similar effects of 
radiation and combined treatment with radiation and 

Fig. 4. Tumor response in vivo after treatment with radiotherapy and/or APO010. J16-Bcl-2 (A), HCT116 (B), or 03JJO215 (C) tumor cells expressing 
a luciferase reporter gene were implanted s.c. in immunodeficient mice. Mice (5-6 per group) were treated with10 Gy local irradiation (IR, ), three i.p. 
doses of 15 µg/kg APO010 (), or 10 Gy IR + three i.p. doses of 15 µg/kg APO010 (). Control mice () were injected with buffer. Tumor volume as 
measured by caliper. Points, mean volume of all tumors in the treatment group; bars, SE. Data are shown until the time point on which the mean tumor 
volume reached DEP.

Fig. 5. Tumor-free survival after treatment with radiotherapy and/or APO010.The overall survival curves for the mice analyzed in Fig. 4 for tumor 
growth. Survival represents the time to reach the DEP for mice implanted with J16-Bcl-2 (A), HCT116 (B), or 03JJO215 (C) tumor cells.

A B C

A B C



51     | Antitumor effects of radiotherapy and Fas/CD95 stimulation

APO010 on tumor growth.
In addition, we orthotopically transplanted 03JJO215 
cells in the intrathoracic cavity of the mice, where tumor 
cells grow in their normal biological environment. 
Upon the appearance of a bioluminescent signal, mice 
were divided into treatment groups as described above. 
03JJO215 mesothelioma tumors reached the DEP in the 
absence of treatment at 7.1 ± 2.2 days (Supplemental 
Fig. S3). Tumors in mice receiving APO010 reached the 
DEP after 7.8 ± 0.8 days. Radiation alone caused a clear 
reduction in tumor growth, resulting in a DEP of 11.3 
± 2.5 days (P < 0.0001). However, combined treatment 
with radiation and APO010 did not further reduce 
tumor growth (DEP at 9.6 ± 3.2 days). We conclude 
that APO010 did not improve the therapeutic effect 
of radiation on the three tumor types in the regimen 
employed here.

Normal tissue toxicity in vivo 
Changes in body weight were used as an index of 
general toxicity of the treatments (Fig. 6A). Radiation 
alone had no effect. In contrast, the body weight of 
mice receiving APO010 alone or in combination with 
radiation decreased rapidly after the start of treatment 
to ~85% of their initial value. After treatment, body 
weight returned to the pretreatment level within 
approximately 2 weeks. To examine potential liver 
toxicity, serum AST and ALT levels were determined 
on days 3 and 7 after the start of treatment (Fig. 6B). 
Elevated AST and ALT levels were found on day 3 (16 
h after the second i.p. injection with APO010) in mice 
treated with APO010 alone or in combination with 
radiation. On day 7 (3 days after the third i.p. injection 
with APO010), the AST and ALT levels of these mice 
had returned to levels found in mock-treated animals. 
These data are in good agreement with previous 
findings using APO010 in vivo [13]. Livers excised from 
mice treated with APO010 on day 3 showed a minor 
vacuolization of hepatocytes in zone I of the portal 
area of the liver. On day 18, the normal morphology of 
hepatocytes in APO010-treated animals was restored 
(Supplemental Fig. S4). We conclude that APO010 
induces moderate and reversible systemic and liver 
toxicity, indicating that the dose used is close to the 
maximally tolerable level.

Discussion

In this study, we have evaluated the therapeutic 
efficacy and potential toxicity of APO010 in 
combination with ionizing radiation, using relatively 
radioresistant lymphoid and solid tumor cell lines as 
model systems. The three tumor types tested showed 
an improved apoptotic response upon combined 
treatment in vitro and—depending on the tumor 
type—reduced clonogenicity as a result of treatment 
with APO010 alone or in combination with radiation. 

However, improved in vitro sensitivity did not correlate 
with a combined therapeutic effect of APO010 and 
radiation in a subcutaneous tumor transplant graft 
setting with local irradiation and intraperitoneal 
application of APO010. The tumor models employed 
included J16-Bcl-2 cells, which we have previously 
tested in the same type of in vitro and in vivo assays 
for their responsiveness to combined treatment with 
soluble recombinant isoleucine zippered–TRAIL and 
radiation [14]. In that case, we found that increased 
apoptosis sensitivity and reduced clonogenicity in 
vitro correlated with an improved therapeutic effect 
upon combined treatment in vivo.
Combined effects of APO010 and radiotherapy on the 

A

B

Fig. 6. Reversible normal tissue toxicity after treatment with APO010. 
A, changes in body weight over time after indicated treatments. Points, 
mean percentages of initial weight; bars, SE. B, serum ALT and AST levels 
in units per liter (U/L) determined on day 3 (16 h after the second injection 
of APO010) and day 7 of treatment (3 d after the last injection of APO010). 
Columns, mean of 9 to 17 mice per group; bars, SE.
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apoptotic response of the three tumor cell lines tested 
are in line with the widely documented finding that 
DNA-damaging regimens can improve sensitivity to 
death receptor–induced apoptosis. Such effects may 
be explained by p53-dependent or p53-independent 
up-regulation of Fas and/or TRAIL receptors upon 
irradiation or treatment with chemotherapeutics. 
However, we and others have also found synergistic 
apoptotic responses to combined treatment with 
TRAIL and DNA-damaging regimens in the absence of 
receptor up-regulation (see ref. [9] and refs therein). We 
have followed up on such a case in J16-Bcl-2 cells and 
found that radiation improves the efficacy of the TRAIL 
receptor to assemble the death-inducing signaling 
complex upon ligand binding [9]. Our preliminary 
findings indicate that a similar mechanism underlies 
the combined apoptotic effect of APO010 and radiation 
in J16-Bcl-2 cells (I. Verbrugge, results not shown). 
APO010 was previously shown to act synergistically 
with cisplatin in the induction of apoptosis in different 
ovarian carcinoma cell lines, also without up-regulating 
the cell surface expression of Fas [13]. Therefore, it is 
possible that different DNA-damaging regimens can 
sensitize tumor cells to both Fas and TRAIL receptor-
induced apoptosis by a common mechanism that does 
not involve increased cell surface expression of the 
receptors.
It is known that the apoptotic response is not predictive 
for the in vivo response to therapy because it does not 
incorporate the effects of radiation on cell cycle and 
nonapoptotic forms of cell death [2]. For this reason, 
clonal outgrowth in long-term in vitro cultures is 
generally used to assess a potential treatment effect. 
This assay gives an indication of the number of cells 
that are able to generate progeny after treatment, at 
least under the in vitro conditions provided. In such 
clonogenic survival assays, APO010 treatment reduced 
the clonogenic survival of J16-Bcl-2 and HCT116 cells 
in accordance with its proapoptotic effect on these 
cells. However, it did not further reduce clonogenic 
outgrowth after irradiation, indicating that it did not 
affect the radiosensitivity of J16-Bcl-2 or HCT116 
cells. Treatment with APO010 alone did not reduce 
the plating efficiency of 03JJO215 cells, but enhanced 
their radiosensitivity. Using the same assay system, 
we previously found that isoleucine zippered–TRAIL 
strongly reduced the plating efficiency of J16-Bcl-2 cells, 
and in addition, improved their intrinsic radiosensitivity 
[14]. The molecular basis of this radiosensitizing effect 
of death receptor ligands is currently unclear.
Although APO010 did not affect the radiosensitivity 
of J16- Bcl-2 and HCT116 cells, it reduced clonogenic 
survival, thus leaving fewer cells to be eliminated by 
radiotherapy. Therefore, we considered that a window 
of combined therapeutic potential might be present 
and tested the effect of radiotherapy and APO010 on 
all three tumor types in vivo. APO010 was infused i.p. 
in three doses of 15 µg/kg, a protocol that was based 

on previous experience in a model of i.p. implantation 
of ovarian carcinoma cell lines in nude mice [13]. 
This APO010 dose had systemic effects, in terms of 
mild and reversible toxicity, and a small, but evident 
induction of tumor growth delay in the case of J16-
Bcl-2 and HCT116 cells. However, APO010 could not 
augment the therapeutic effect of radiotherapy on 
any of the three tumor types tested. In addition, in an 
orthotopic setting of intrathoracic transplantation of 
03JJO215 mesothelioma cells in nude mice—which is 
more closely related to a clinically relevant setting—
APO010 could not enhance the antitumor effect of 
radiotherapy.
How to explain the lack of correlation between the 
in vitro and in vivo findings upon combined use of 
APO010 and radiation? One possibility is that we did 
not reach the maximally effective dose of APO010 at 
the tumor site. The isoleucine zippered–TRAIL dose 
that, upon combination with radiation, effectively 
combated J16-Bcl-2 tumors in vivo gave no discernible 
normal tissue toxicity. The APO010 dose used here 
caused a reversible rapid drop in body weight and 
liver toxicity, indicating that there was little room for 
escalation of the dose in our experimental setting. 
In the intraperitoneal ovarian tumor model, APO010 
(MegaFas Ligand) had a combined therapeutic effect 
with cisplatin in vivo, correlating with synergistic 
apoptosis induction in vitro [13]. In that study, APO010 
was injected i.p. at the same location of the tumor, at 20 
µg/kg body weight. The half-life of APO010 as detected 
in plasma was short, but reached a maximum of ~80 
ng/mL within 2 hours after i.p. injection [13]. Therefore, 
it is likely that the effective dose at the site of the tumor 
in that case was many fold higher than the IC50 for the 
same cells, as determined in in vitro apoptosis assays 
(5 ng/mL). In our case, the tumor was implanted s.c., 
whereas APO010 was applied i.p. Possibly therefore, 
the APO010 concentrations reached within the tumor 
were lower than the concentrations that were effective 
in apoptosis-induction in the combined setting in 
vitro. Our findings suggest that it will be useful to 
explore APO010 for combined modality treatment with 
chemotherapeutics or radiotherapy in settings of local 
perfusion of tumor tissue, a similar strategy as used 
in the treatment of soft tissue sarcomas with tumor 
necrosis factor-α [15]. In the clinical setting, however, 
it is important to consider that APO010 may have a 
degree of species specificity that does not allow a full 
assessment of its potential toxicity in mouse models.
For the in vivo studies, we have employed a relatively 
high single dose of radiation instead of a fractionated 
regimen for several reasons. First, our in vitro findings 
showed a radiation dose–dependent sensitization 
with optimal antitumor responses (either short-term 
apoptosis or long-term clonogenic survival) at higher 
doses of radiotherapy (10 Gy versus 2.5 Gy). Therefore, 
we expected to achieve a therapeutic effect in vivo using 
higher doses of radiotherapy. Second, if APO010 were 
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to be combined with a fractionated radiation schedule, 
this would require repeated (daily) administration of 
APO010 to achieve a combined effect. Given APO010’s 
toxicity, however, this approach would not be feasible.
A key parameter that was not incorporated in our in 
vitro test conditions is the tumor microenvironment. 
In vivo, there is intensive crosstalk between tumor 
cells and the surrounding tissue, by direct cell-to-cell 
interactions and by secreted factors. Tumor cells are 
also profoundly influenced by more general conditions, 
such as vascularization which may dictate drug delivery, 
the extent of oxygenation and nutrient supply. These 
parameters may determine the response to APO010 
treatment in various ways. In the first place, they may 
determine whether Fas induces a proapoptotic or 
an antiapoptotic pathway. Although Fas is viewed 
primarily as a death-inducing receptor, it can induce 
a variety of cellular responses via different signaling 
routes. Fas can activate nuclear factor-κB, all three 
major mitogen-activated protein kinase pathways 
[16] and—according to a recent publication—the 
phosphoinositide-3-kinase pathway as well [17]. 
Nuclear factor-κB can activate a potent antiapoptotic 
pathway that involves the new synthesis of inhibitory 
Bcl-2 family members, c-FLIP, and inhibitor of apoptosis 
proteins [18]. How the decision between apoptosis 
induction and nuclear factor-κB activation downstream 
from Fas is made, is not completely elucidated, but 
there is evidence that nuclear factor-κB activation 
requires a lower level engagement of Fas receptors 
[19]. Therefore, the extent of Fas membrane expression, 
ligand delivery, or agonistic activity may be decisive for 
the outcome of treatment with Fas agonists. Moreover, 
several studies indicate that Fas triggering can promote 
tissue inflammation [16, 20, 21], which in turn may have 
an effect on tumor growth [22]. These proinflammatory 
effects of Fas may proceed via chemotactic factors 
such as IL-8, which is induced via the c-Jun-NH2-kinase 
pathway [21]. The nuclear factor-κB signaling pathway is 
also known to induce proinflammatory mediators [18]. 
Evidence for a proinflammatory role of recombinant 
human Super FasL (Alexis Biochemicals) was found 
in a model of intracranial delivery to a glioblastoma 
xenograft in nude rats.
In this case, etoposide and FasL showed a combined 
proapoptotic effect on the glioblastoma cells in vitro, 
but promoted inflammation in vivo. Upon concomitant 
anti-inflammatory dexamethasone treatment, the 
proapoptotic and therapeutic effect of this combination 
on the tumor in situ was revealed [23]. Finally, a point of 
concern is the recent documentation of a stimulatory 
effect of Fas on tumor cell invasion, mediated via the 
up-regulation of matrix metalloproteinases [17].
In summary, although in this study, APO010 was proven 
as a potent proapoptotic agent that could reduce the 
clonogenicity of tumor cells and showed combined 
effects with radiation in vitro, an effective therapeutic 
schedule in vivo was not achieved in the tumor models 

used here. Future studies will have to point out 
whether locoregional application of APO010, other 
combination strategies, or the use of other tumor types 
may overcome the apparent limitations in obtaining 
the desired treatment effect. 

Materials and Methods

Manufacturing of APO010 
An expression construct for ACRP30:FasL was generated 
according to standard molecular biology protocols, and 
cloned in a commercial mammalian expression vector. The 
construct encoded the human ACRP30 (Swiss-Prot Q15848, 
amino acids 16-108) and the human FasL (Swiss-Prot P48023, 
amino acids 139-281). The hemagglutinin signal peptide 
(MAIIYLILLFTAVRG) was inserted prior to the predicted 
cleavage site of the natural human ACRP30 native protein to 
allow protein secretion. Cell clones expressing APO010 were 
obtained by transfecting a nonadherent Chinese hamster 
ovary cell line that was preadapted to grow in the presence 
of MegaFasL-FLAG, with this construct. Pure APO010 was 
obtained by growing the Chinese hamster ovary clone F7 for 
7 days, up to a viable cell density of 10 million cells/mL. After 
cell harvest and clarification, contaminants were captured 
by anion exchange chromatography. The flow-through 
containing APO010 was diafiltrated and further processed on 
a cation exchange chromatography resin. After elution by a 
salt gradient, the APO010-containing fractions were pooled, 
concentrated by ultrafiltration, and purified by size exclusion 
chromatography. The final purity of the product, as assessed 
by Coomassie staining of an SDS-polyacrylamide gel and size 
exclusion high-performance liquid chromatography was~95%. 
Using the Edman degradation method, the purified APO010 
NH2 terminus was sequenced. Although the NH2-terminal 
glycine may have been trimmed from the purified protein, no 
major alterations were found in the primary sequence. The 
COOH-terminal sequence of the molecule, assessed using an 
improved procedure based on the method developed by Boyd 
et al. [24], was found to be complete. For this study, APO010 Lot 
340 A12 3.3 F7-0504 was used.

Cell culture and stimulation 
The J16 clone was derived from the p53 mutant, human T-acute 
lymphoblastic leukemia cell line Jurkat by limiting dilution and 
selected for sensitivity to Fas-induced apoptosis [14, 25]. J16 
cells were retrovirally transduced as described [14]  to stably 
overexpress Bcl-2 and luciferase to inhibit the mitochondrial 
apoptosis pathway and for monitoring of tumor growth by 
bioluminescence, respectively. The resulting J16-Bcl-2 cell line 
was cultured in Iscove’s modified Dulbecco’s medium with 
8% fetal bovine serum and antibiotics. P53 wild-type HCT116 
colon carcinoma cells were retrovirally transduced to stably 
expressing luciferase according to the described protocol [14]. 
J16-Bcl-2 and HCT116 cells expressing luciferase were selected 
based on emission of yellow fluorescent protein, which was 
encoded by the bicistronic product [26]. HCT116 cells were 
cultured in DMEM with 8% fetal bovine serum and antibiotics. 
The mesothelioma cell line 03JJO215 expressing luciferase was 
derived through single cell soft agar cloning from a primary 
tumor grown in a recombinant mouse genetically predisposed 
to develop malignant mesothelioma. The relevant mouse strain 
is homozygous for conditional alleles of the Nf2 and p53 genes 
and a knockout allele of the Ink4a gene (Nf2F/F;p53F/F;Ink4a-/-) 
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and carries a transgenic LucR luciferase reporter allele [27]. 
03JJO215 cells were cultured in DMEMF12 1:1 + Glutamax 
supplemented with insulin-transferrin-selenium (Invitrogen, 
Life Technologies), murine epidermal growth factor (Invitrogen), 
hydrocortisone (Sigma-Aldrich), 5% fetal bovine serum, and 
antibiotics. For apoptosis assays, cells were stimulated with the 
indicated doses of APO010 or radiation in their normal culture 
medium, after which cells were incubated for the indicated 
time periods at 37°C, 5% CO2. Irradiation of cells was done 
using a 137Cs source (415 Ci; Von Gahlen Nederland, B.V.) at an 
absorbed dose rate of ~0.6 Gy/min.

Apoptosis assays 
Apoptosis was read out by fragmentation of propidium 
iodide–stained nuclei for J16-Bcl-2 and HCT116 cells and by 
active caspase-3 content for 03JJO215 cells (because the latter 
cell type shows poor nuclear fragmentation). These assays were 
carried out as described in refs. [9] and [28], respectively. The 
percentages of cells with fragmented nuclei or active caspase-3 
were determined by flow cytometric analysis. Cellular debris 
was excluded from analysis and data were analyzed using FCS 
Express software (De Novo Software). 

Clonogenic assays 
Clonogenic assays for J16-Bcl-2 cells were done as described 
[14]. After irradiation, cells were cultured for 11 days in the 
presence or absence of 0.02 ng/mL of APO010. HCT116 and 
03JJO215 cells were plated at increasing densities up to 32,000 
cells per 10 cm dish. After attachment for 6 h at 37°C, 5% CO2, 
cells were irradiated and the medium was replaced with normal 
culture medium containing no APO010 (control), 0.2 ng/mL of 
APO010 (HCT116), or 10 ng/mL of APO010 (03JJO215). After 9 
to 11 days of culture, colonies were counted using an inverted 
microscope. Doses of APO010 used in clonogenic assays were 
selected for each cell line on the basis of colony outgrowth after 
9 to 11 days of culture in the presence of APO010 alone, allowing 
for appropriate readout of combined effects with radiotherapy. 
Analyses were done using Slide Write Plus software version 5.0 
for Windows (Advanced Graphics Software, Inc.).

Mouse model and therapy 
Athymic nu/nu mice, backcrossed to a BALB/c background, 
were bred at The Netherlands Cancer Institute. Animal 
experiments were done in agreement with institutional and 
national guidelines and approved by the Experimental Animal 
Committee of The Netherlands Cancer Institute. Tumor cell 
inoculation was done as described [14] with 2 x 106 J16-Bcl-2 
cells or 1 x 106 HCT116 cells resuspended in Matrigel Matrix 
Growth Factor Reduced (BD Biosciences), or 25,000 03JJO215 

cells resuspended in PBS (100 µL). Tumor growth and response 
to treatment was monitored by caliper measurement and 
by bioluminescence imaging. Tumor volume was calculated 
using the formula π/6 x length x width x height (in mm). 
Bioluminescence was measured using the IVIS 200 Imaging 
System (Xenogen Corporation) as previously described [14]. 
Signal intensity is reported as a percentage of the last value 
before treatment. Treatment of five to six mice per group 
started (day 0) after a steady increase in bioluminescent signal 
in the case of the fast-growing 03JJO215 cells and with the 
appearance of palpable tumors in the case of J16-Bcl-2 (size, 
~50 mm3) and HCT116 (size, ~114 mm3). Treatment consisted  
of (a) three i.p. injections every 48 h with 10 µL buffer (PBS + 
0.05% human serum albumin) per gram mouse weight (control); 
(b) 10 Gy local irradiation followed by three i.p. injections every 
48 h with buffer (IR); (c) three i.p. injections every 48 h with 15 
µg/kg of APO010 (APO010); (d) 10 Gy local irradiation followed 
by three i.p. injections every 48 h with 15 µg/kg of APO010 (IR + 
APO010). Injections were started on the same day as irradiation. 
Irradiation was done as described [14]. A tumor volume of 200 
mm3 for 03JJO215, 130 mm3 for J16-Bcl-2, and 500 mm3 for 
HCT116 were set as the designated end points (DEP). Curves 
for treatment groups were terminated when fewer than three 
mice remained in that treatment group. The tumor-free survival 
curves generated represent the fraction of mice bearing tumors 
smaller than their DEP. 

Normal tissue toxicity 
To investigate normal tissue toxicity, mice were weighed at 
least twice per week. In addition, blood was sampled from the 
tail vein and levels of aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) were determined in serum 15 
h after the second i.p. injection with buffer or APO010 (day 3) 
and 3 days after the last i.p. injection (day 7). AST and ALT levels 
were determined as described [14]. In a parallel experiment, 
animals were sacrificed 15 h after the second i.p. injection 
(day 3) or 2 weeks after the last i.p. injection (day 18). Their 
livers were fixed in ethanol (50%), acetic acid (5%),  formalin 
(3.7%), embedded in paraffin, sectioned, stained with H&E, and 
analyzed microscopically. 

Statistics
Differences between treatment groups were analyzed with 
unpaired Student’s t tests and were considered significant at 
P < 0.05. Analysis was done using GraphPad Prism version 5 
for Windows (GraphPad Software). Statistics described in the 
Results indicate mean ± SD, statistics and data points in the 
figures are clarified in the legends.
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Supplementary Information

Supplementary Figure 1. Direct comparison of clonogenic survival of 
J16-Bcl-2 cells, HCT116 cells and 03JJO215 cells after treatment with 
the indicated doses of ionizing radiation (IR).

Supplementary Figure 2. Luciferin bioluminescence imaging (BLI) of tumor growth. The same mice as analyzed for tumor growth by palpation 
in Figure 4, implanted with J16-Bcl-2 cells (A), HCT116 cells (B) or 03JJO215 cells (C) were monitored for tumor response by BLI after treatment with 
radiotherapy and/or APO010.

A B C
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Supplementary Figure 4. Reversible liver 
toxicity after treatment with APO010. 
H&E staining of liver sections from a control 
mouse (left panel), mice treated with 
APO010, sacrificed on day 3 (middle panel) 
or day 18 (right panel). P: Portal vein, C: 
Central vein, B: Bile duct, scale bar indicates 
100 μM.

Supplementary Figure 3. Tumor response in 
vivo of orthotopically transplanted 03JJO215 
cells after treatment with radiotherapy and/
or APO010. Mice were anaesthetized with 
ketamine (100 mg/kg) and xylazine (10 mg/kg) 
i.p. and subsequently injected intrathoracically 
with 25,000 03JJO215 tumor cells expressing 
a luciferase reporter gene in 100 μl PBS. Upon 
appearance of a bioluminescent signal, mice 
were treated with 10 Gy local irradiation (IR) 
(), three i.p. doses of 15 µg/kg APO010 
(), or 10 Gy IR + three i.p. doses of 15 µg/kg 
APO010 (). Control mice () were injected 
with buffer. Mice were monitored for tumor 
response by luciferin bioluminescence imaging 
(BLI) after treatment with radiotherapy and/
or APO010. (A) intrapolated BLI data (at least 
three data points per week per mouse), Data 
shown are means (± SD) of pooled data from 
three independent experiments with 5-18 mice 
per group in total. (B) BLI of tumor growth from 
one representative mouse from each treatment 
group, where D0 (Day 0) indicates start of 
treatment. (C) Overall survival of mice, which 
were sacrificed upon obtaining breathing 
difficulties.
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In many tumor cell types, ionizing radiation or DNA damaging anti-cancer drugs enhance 
sensitivity to death receptor-mediated apoptosis, which is of great clinical interest. APO010, 
a novel recombinant form of CD95/Fas ligand is currently in a Phase I dose-escalation trial in 
patients with solid tumors. To investigate the potential of combined modality treatment with 
APO010, we used p53-mutant Jurkat T leukemic cells, in which the mitochondrial pathway 
was blocked by Bcl-2 overexpression. These cells were largely resistant to APO010, but 
were effectively killed after pretreatment with ionizing- or UV radiation, etoposide, histone 
deacetylase- or proteasome inhibitors. In the combined setting, mitochondrial resistance 
imposed by Bcl-2 was not broken and membrane levels of CD95 were not increased. Instead, 
pretreatment with the different stimuli led in all cases to a large reduction in c-FLIPL/S protein 
levels, suggesting a common mechanism by which Jurkat-Bcl-2 cells were sensitized for 
apoptotic execution by APO010. Upon deliberate c-FLIPL/S downregulation by RNA interference, 
the mitochondrion-independent pathway for caspase activation was greatly facilitated and the 
capability of the sensitizing stimuli to increment apoptotic execution by APO010 was largely 
overruled. We conclude that c-FLIP downregulation is a common mechanism by which diverse 
anti-cancer regimens facilitate tumor cell execution by CD95/Fas via the direct pathway of 
caspase activation.

Introduction

Inhibition of apoptotic pathways critically contributes 
to cancer development. Consequently, tumor cells are 
often ‘addicted’ to overexpression of anti-apoptotic 
proteins such as Bcl-2 for their survival [1]. Targeting 
apoptosis regulators in cancer treatment is therefore 
interesting, as overcoming blocks in apoptosis may 
render cancer cells more susceptible to death than 
normal cells. 
Ionizing radiation (IR) and DNA-damaging 
chemotherapeutics are effective in cancer treatment, 
because they hamper clonogenicity of tumor cells in a 
variety of ways. The DNA damage they induce triggers 
an -often p53-dependent- cell cycle arrest allowing 
for DNA repair. Failing this, irreversible cell cycle arrest, 
death due to mitotic catastrophe, or apoptotic cell 
death may ensue [2]. Apoptosis induction by DNA-
damaging anti-cancer regimens is blocked by Bcl-2 
overexpression, indicating that apoptosis signalling 
proceeds via the intrinsic, mitochondrial pathway [3]. 
In this pathway, pro-apoptotic members of the Bcl-2 
family induce mitochondrial permeabilization and the 
subsequent release of Cytochrome c (Cyt c) and other 
mediators allows for Caspase-9 and effector caspase 
activation [4, 5].
In hematopoietic tumors, the apoptotic response 
to IR and DNA-damaging drugs is generally evident 
and apoptosis resistance can contribute to treatment 
resistance [6]. Solid tumors are less apoptosis prone 
when treated with conventional regimens. Therefore, the 
death receptor ligand TRAIL was of immediate clinical 
interest when it effectively induced apoptosis in many 
long-term established solid tumor cell lines [7, 8]. TRAIL 
proved non-toxic to normal tissue in animal models 
and moved rapidly towards the clinical testing phase 

[9, 10]. Currently, TRAIL receptor agonists are in Phase 
I and Phase II clinical trials, either as single modality 
treatment or in combination with conventional or novel 
anti-cancer drugs [10]. 
Combined modality treatment with death receptor 
agonists and DNA-damaging anti-cancer regimens 
was expected to be more effective than single agent 
treatment, given the distinct cell death pathways they 
engage. TRAIL-R1/2 and CD95 death receptors induce 
apoptosis  by directly recruiting and activating caspases 
[11]. Upon ligand binding, they recruit FADD, inducer 
Caspase-8 and/or -10 and c-FLIP molecules [11, 12]. 
In the death-inducing signaling complex (DISC) thus 
formed at the cytoplasmic receptor tail, Caspase-8/10 
are activated. Depending on their expression level, 
c-FLIP molecules can facilitate or inhibit this activation 
[13]. Upon self-processing by proteolysis, Caspase-8/10 
are released into the cytosol, where they find effector 
caspases as their targets. In this way, death receptors 
can in principle execute apoptosis in a mitochondrion-
independent manner. However, by cleaving and 
activating BH3-only protein Bid, Caspase-8/10 also 
connect death receptors to the mitochondrial pathway 
[5]. 
The efficacy of TRAIL receptors and CD95 to kill cells 
via the direct pathway for effector caspase activation 
depends on the cell type. In so-called Type II cells, the 
mitochondrial contribution is required for apoptotic 
execution, whereas in Type I cells it is not, as ascertained 
by Bcl-2 overexpression. This relates to the efficacy of 
Caspase-8/10 activation in the DISC, which seems a cell-
intrinsic phenomenon [14]. The mitochondrial bypass 
by death receptors is of interest, since it potentially 
overrules intrinsic apoptosis resistance in tumor cells, as 
e.g. imposed by Bcl-2 overexpression. 
Although TRAIL receptors and CD95/Fas induce 
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apoptosis by highly similar mechanisms [11, 12], CD95 
agonists were not pursued for cancer therapy, due to 
severe hepatotoxicity upon systemic administration in 
mice [15]. Recently however, a Phase I clinical trial has 
been initiated at TopoTarget (ClinicalTrials.gov identifier: 
NCT00437736) with APO010 (MegaFas Ligand). This is a 
fusion protein of the extracellular domain of CD95L/FasL 
and the collagen domain of the serum protein ACRP30. 
The dimer of CD95L trimers that is thus formed can 
crosslink two adjacent CD95 trimers, rendering APO010 
highly agonistic as compared to other available CD95 
agonists [16]. It is therefore envisioned that combined 
modality treatment with low concentrations of this 
agent is effective and has acceptable toxicity, especially 
in settings of local therapy, such as radiotherapy of local 
perfusion with anti-cancer drugs. We have recently 
shown that in p53 mutant Jurkat cells engineered to 
overexpress Bcl-2 (J16-Bcl-2), as well as in solid tumor 
types APO010 and IR had a combined effect on cell 
death induction, both in short-term apoptosis assays 
and in clonogenic survival assays [17]. 
We demonstrate here that pre-treatment with IR, but 
also with UV radiation and various anti-cancer drugs 
sensitizes J16-Bcl-2 cells to APO010-mediated apoptosis, 
without breaking mitochondrial resistance imposed 
by Bcl-2 or upregulating CD95 membrane levels. The 
underlying mechanism concerns downregulation of 
c-FLIP long (L) and short (S) isoforms, which enables 
apoptotic execution by CD95 via the direct pathway for 
caspase activation. Since Jurkat cells are prototype Type 
II cells [18], this implies a conversion from Type II to Type 

I signaling by CD95.

Results 

Combining APO010 with chemotherapy overcomes 
apoptosis resistance imposed by Bcl-2
IR and APO010 showed a combined effect on the 
apoptotic response of J16-Bcl-2 cells [17]. To investigate 
whether this also held true for DNA-damaging 
drugs, we examined combined effects of APO010 
and the topoisomerase inhibitor etoposide. Cells 
were stimulated with different doses of APO010 in 
the presence or absence of etoposide and apoptosis 
was read out 48h later by nuclear fragmentation. As 
expected from the Type II nature of Jurkat cells [18],  
J16-Bcl-2 cells showed low sensitivity to APO010 alone, 
but the apoptotic response was significantly enhanced 
in combination  with etoposide (Figure 1a).
To investigate whether etoposide pre-conditioned J16-
Bcl-2 cells to more efficiently activate effector caspases 
upon APO010 stimulation, cells were first incubated 
with etoposide and 15h later stimulated with APO010. 
Whereas APO010 alone readily induced Caspase-3 
activation in parental J16 cells, J16-Bcl-2 cells were 
relatively resistant. In etoposide-pretreated J16-Bcl-2 
cells, Caspase-3 activation was significantly enhanced, 
approximating the response seen in J16 cells (Figure 
1b).  
Since effector caspases are directly activated by Caspase-
8/10 in the mitochondrion-independent death receptor 
pathway, we investigated whether pre-treatment 

Figure 1. Combined effects of etoposide and 
APO010 on apoptosis induction in J16-Bcl-2 
cells. (A) J16-Bcl-2 cells were stimulated with 
the indicated doses of APO010 in the absence 
(Control) or presence of 2 µg/ml etoposide (Etop). 
Apoptosis was read out by nuclear fragmentation 
after 48h. Results shown are means ± SD of 
two independent experiments with duplicate 
samples. Statistically significant differences 
between values of Control and Etop samples 
are indicated for ***P<0.001. (B) J16-Bcl-2 cells 
were left untreated (J16-Bcl-2) or incubated with 
2 μg/ml etoposide (J16-Bcl-2 Etop). After 15h, 
cells were stimulated with 0.4 ng/ml APO010. 
Empty vector transduced J16 cells (J16) treated 
with APO010 alone served as a control. Active 
Caspase-3 content was analyzed at the indicated 
time points by flow cytometry. Results shown are 
means ± SD of three independent experiments. 
Statistically significant differences between 
values of J16-Bcl-2 and J16-Bcl-2 Etop samples 
are indicated for **P<0.01 and ***P<0.001. 
(C) J16-Bcl-2 cells were left untreated (-) or 
stimulated with 2 μg/ml etoposide (+). After 
15h (t = 0), cells were stimulated with 0.4 ng/
ml APO010 and harvested at the indicated time 
points. After separation by SDS-PAGE, protein 
levels of the p53/55 Caspase-8 proform and its 
p41/43 and p18 cleavage products and the PARP 
p116 proform and its p85 cleavage product were 
determined by immunoblotting. Actin served as 
a loading control. Numbers indicate integrated 
density values of the Caspase-8 p41/43, 
Caspase-8 p18 and PARP p85 fragments, as 
quantified from autoradiograms and normalized 
to Actin signals in arbitrary units. 
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with etoposide improved the capacity APO010 to 
activate Caspase-8. In etoposide-treated J16-Bcl-2 cells, 
Caspase-8 activation -as read out by appearance of the 
p41/p43 and p18 cleavage products- was first observed 
at 2h after APO010 stimulation (Figure 1c). Caspase-3 
activity was also apparent by proteolytic processing 
of its substrate PARP. At each subsequent time point, 
Caspase-8 activation and PARP processing were more 
pronounced in cells incubated with etoposide than in 
untreated cells. 
We conclude that etoposide treatment conditioned 
J16-Bcl-2 cells to more efficiently activate inducer and 
effector caspases upon APO010 stimulation.

Mitochondrial resistance imposed by Bcl-2 is not broken 
upon combined treatment
It was possible that in etoposide-treated cells, APO010 
evoked effector caspase activation by overruling the 
mitochondrial resistance imposed by Bcl-2. Therefore, 
we monitored Cyt c release in parental J16 cells and 
in J16-Bcl-2 cells that were pretreated with etoposide 
or not. J16 cells showed Cyt c release upon APO010 
treatment, but J16-Bcl-2 cells did not throughout the 
8h time course, showing the effectiveness of Bcl-2 in 
preventing mitochondrial permeabilization (Figure 2a). 
The primary data depicted in Figure 2b illustrate this 
point. Importantly, J16-Bcl-2 cells that were pretreated 
with etoposide showed no significant increase in 
Cyt c release after APO010 stimulation, even after 8h 
(Figure 2b). These were the same samples analyzed 
for Caspase-3 activation in Figure 1b, indicating that 
effector caspase activation in etoposide-treated J16-

Bcl-2 cells was not a consequence of breaking Bcl-2-
mediated mitochondrial resistance. 
We conclude that after etoposide treatment, APO010 
could more efficiently activate effector caspases via the 
direct, mitochondrion-independent pathway. 

Etoposide downregulates c-FLIPL/S  and improves Caspase-8 
activation in the DISC
Since Caspase-8 is activated in the DISC, we investigated 
whether DISC formation was improved in etoposide-
treated cells. After 15h incubation in the presence or 
absence of etoposide, J16-Bcl-2 cells were stimulated 
with crosslinked CD95L. The combined treatment effect 
in this setting was verified by enhanced PARP processing 
in corresponding total cell lysates (Figure 3a).
The DISCs isolated from etoposide pretreated cells 
showed enhanced Caspase-8 activation as compared to 
the DISCs from control cells, which was most apparent 
at the 4h time point (Figure 3a). In the same samples, the 
DISCs from etoposide-treated cells showed a decrease 
in processed c-FLIPL levels.  
Immuno-blotting of total cellular lysates of control 
and etoposide-treated cells for c-FLIP levels showed 
that etoposide treatment strongly reduced protein 
expression of the FLIPL and FLIPS isoforms (Figure 3b). 
This was a post-translational effect, as c-FLIP mRNA 
levels were not reduced after etoposide treatment 
(Supplementary Figure 1a). 
These results suggest that downregulation of c-FLIP 
protein levels by etoposide treatment enhanced the 
ability of CD95L to activate Caspase-8 in the DISC.

Figure 2. Combined treatment with etoposide and APO010 
results in effector caspase activation in absence of Cyt c 
relase. (A) Cyt c release from the mitochondria was monitored 
in the same samples as analyzed for Caspase-3 activation in 
Figure 1b. Results shown are means ± SD of three independent 
experiments. Statistically significant differences between 
values of J16-Bcl-2 and J16-Bcl-2 Etop samples are indicated 
for *P<0.05 and **P<0.01. (B) Flow cytometric plots showing 
Cyt c content in J16-Bcl-2 cells from one representative 
experiment at 8h after the indicated treatments (control 
equals mock incubation). Empty vector-transduced J16 cells 
(J16) served as a control for Cyt c release. Numbers indicate 
percentage of cells with Cyt c loss from mitochondria. FI = 
fluorescence intensity. 
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JNK inhibition reveals relation between c-FLIP 
downregulation and sensitization to APO010  
It was demonstrated previously that activation of 
the Jun N-terminal Kinase (JNK) pathway through 
activation of the E3 ubiquitin ligase Itch leads to c-FLIP 
downregulation [19]. Since etoposide is known to 
activate the JNK pathway (e.g. [20]), we tested whether 
JNK inhibition -using the chemical inhibitor SP600125 
[21] or the cell permeable L-JNKi peptide [22]- reversed 
etoposide-induced c-FLIP downregulation and 
APO010 sensitivity. Etoposide activated JNK in J16-
Bcl-2 cells, since both JNK and its target protein c-Jun 
were phosphorylated upon treatment (Supplementary 

Figure 2). JNK activity induced by etoposide was 
strongly reduced by SP600125 and to a lesser extent 
by L-JNKi peptide, validating the compounds as JNK 
inhibitors. In the same experiment, etoposide treatment 
downregulated c-FLIPL/S protein levels. SP600125 and 
L-JNKi peptide restored c-FLIP protein levels to an 
extent that was correlated with their inhibitory effect 
on JNK activity. 
Next, we examined the effect of SP600125 on etoposide-
mediated sensitization of J16-Bcl-2 cells to CD95L. J16-
Bcl-2 cells were pre-treated with etoposide or not, in the 
presence or absence of the JNK inhibitor. In total cellular 
lysates and in the CD95L DISC, c-FLIPL was downregulated 

Figure 3. Etoposide promotes CD95L-induced Caspase-8 activation in the DISC and reduces c-FLIP levels. (A) J16-Bcl-2 cells were incubated with 
2 μg/ml etoposide (+) or left untreated (-). After 15h, cells were stimulated with FLAG-CD95L pre-coupled to biotinylated anti-FLAG antibody for the 
indicated periods of time. CD95L-bound receptor complexes were isolated using streptavidin-conjugated sepharose beads. Caspase-8 and c-FLIP in 
the CD95L DISC were detected by immunoblotting. The Caspase-8 proforms (p53/55) and their cleavage products (p41/43, p18), as well as the c-FLIPL 
proform (p53) and its cleavage product (p41) are indicated. Combined effects in this setting were confirmed by immunoblotting corresponding cell 
lysates for PARP processing (conversion of p116 to p85) as a measure for effector caspase activity. Actin served as a loading control. (B) Protein levels 
of c-FLIPL/S in total lysates of J16-Bcl-2 cells were detected by immunoblotting at 15h after incubation in the absence (Control) or presence of 2 µg/ml 
etoposide (Etop). Actin served as a loading control.
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Figure 4. Inhibiting JNK signaling restores c-FLIP levels and overrules sensitization to APO010-induced apoptosis by etoposide. (A) J16-Bcl-2 
cells were left untreated (-) or incubated for 30 min with 10 μM SP600125 (+). Next, cells were incubated with (+) or without (-) etoposide (Etop) for 
15h and subsequently stimulated with 20 ng/ml FLAG-CD95L pre-coupled to biotinylated anti-FLAG antibody for the indicated periods of time. DISCs 
were isolated and c-FLIP protein levels in DISCs and total cell lysates were determined by immunoblotting. Caspase-8- (p18) and PARP (p85) processing 
were also determined in total cell lysates. Actin served as a loading control. (B) J16-Bcl-2 cells were incubated in the presence or absence of 10 µM 
SP600125 (30 min) or 10 µM L-JNKi peptide (24h) prior to treatment with 2 µg/ml etoposide. After 15h, cells were stimulated with 0.4 ng/ml APO010 and 
harvested for analysis of Caspase-3 activation by flow cytometry at the indicated time points. Values represent mean ± SD of 3 independent experiments. 
Statistically significant differences between values of Etop and Etop + L-JNKi, or Etop + SP samples are indicated for *P<0.05 and **P<0.01.
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by etoposide-treatment. However, co-treatment with 
SP600125 abrogated this effect, as seen at t=0 and at 
each successive time point after CD95L stimulation in 
total cell lysates and at 1h and 4h in the DISC (Figure 4a). 
Concomitantly, SP600125 reversed etoposide-induced 
sensitization to CD95L, since the increment in Caspase-8 
activation and effector caspase activity (PARP cleavage) 
seen in etoposide-treated cells did not occur in cells 
that had been treated with etoposide and SP600125. 
The effect of the JNK inhibitors on etoposide-mediated 
sensitization of J16-Bcl-2 cells to APO010-induced 
Caspase-3 activation was validated by flow cytometry 
throughout an 8h time course. Etoposide strongly 
sensitized J16-Bcl-2 cells to APO010-induced Caspase-3 
activation, which was efficiently reversed by SP600125 
and also partially by L-JNKi peptide (Figure 4b). The 
ability of SP600125 and L-JNKi to reverse etoposide-
mediated sensitization to APO010 correlated with their 
ability to inhibit c-Jun phosphorylation and to restore 
c-FLIP levels (Supplementary Figure 2).  
These results indicate that in J16-Bcl-2 cells, etoposide-
mediated activation of the JNK pathway is (partly) 
responsible for c-FLIP downregulation. Moreover, they 
suggest that c-FLIP downregulation by etoposide is 
causally related to the drug’s ability to sensitize J16-
Bcl-2 cells to APO010-induced apoptosis. 

Downregulation of c-FLIP by RNA interference sensitizes 
J16-Bcl-2 cells to APO010
To test whether c-FLIP downregulation was sufficient to 
sensitize J16-Bcl-2 cells to APO010-induced apoptosis, 

we stably downregulated c-FLIP levels in these cells by 
RNA interference (RNAi), using retroviral constructs. The 
different short interfering (si) RNA constructs tested 
downregulated c-FLIP isoforms to a variable degree. The 
FLIP#1 construct strongly reduced expression of c-FLIPL 
and FLIPS, whereas the e.g. the FLIP#4 construct had a 
clear, but more modest effect (Figure 5a).
Upon treatment of FLIP#1 and FLIP#4 cell lines with 
APO010, Caspase-3 activation was enhanced as 
compared to empty vector-transduced cells to a degree 
that correlated with the extent of c-FLIP downregulation 
(Figure 5b). As tested in the FLIP#1 transduced cells, 
Caspase-3 activation at 8h was not accompanied by Cyt 
c release, indicating that mitochondrial resistance was 
not broken (Figure 5c). 
We next investigated to which extent etoposide 
treatment could (further) sensitize control, FLIP#1- or 
FLIP#4 transduced J16-Bcl-2 cells to APO010-induced 
apoptosis. After pre-treatment with etoposide, cells 
were stimulated for 8h with APO010. Control cells 
were efficiently sensitized to APO010 by etoposide in a 
dose-dependent manner. FLIP#1-transduced cells were 
very sensitive to treatment with APO010 alone and 
etoposide treatment incremented the response to a 
limited degree. FLIP#4-transduced cells were sensitized 
to lesser extent by c-FLIP siRNA, allowing us to quantify 
the added effect of etoposide pretreatment (Figure 5d). 
For this purpose, Caspase-3 activation upon combined 
treatment was normalized to Caspase-3 activation 
by APO010 alone and expressed as fold sensitization. 
This analysis revealed that etoposide strongly (>4-fold) 

Figure 5. Downregulating c-FLIP levels facilitates the 
direct pathway for apoptotic execution by APO010 
and significantly impairs sensitization of J16-Bcl-2 
cells by etoposide. (A) c-FLIP protein levels determines 
by immunoblotting in total lysates of empty vector 
(EV)-transduced J16-Bcl-2 cells and in J16-Bcl-2 cells 
expressing RNAi constructs for c-FLIP (FLIP#1-5). Actin 
served as a loading control. (B) EV, FLIP#1 and FLIP#4 
J16-Bcl-2 cells were stimulated with 0.4 ng/ml APO010 
and analyzed for active Caspase-3 by flow cytometry 
at the indicated time points. (C) EV-transduced J16 
cells (J16) or FLIP#1 transduced J16-Bcl-2 cells (FLIP#1) 
were stimulated with 0.4 ng/ml APO010 for 8h or left 
unstimulated (control). Active Caspase-3 content and 
Cyt c release were determined by flow cytometry. 
Flow cytometric plots in left panels are data from one 
representative experiment. Numbers in the panels 
represent percentage of events in the indicated gate. FI 
= fluorescence intensity. The bar diagram (right panel) 
shows means + SD of 3 independent experiments. (D) 
EV-, FLIP#1- or FLIP#4 transduced J16-Bcl-2 cells were 
incubated for 15h in the absence (Control) or presence 
of etoposide (Etop) at the indicated concentrations. 
Next, cells were stimulated with APO010 for 8 h and 
analyzed for active Caspase-3 content. Values in left 
panel are mean + SD of 3-4 independent experiments. 
Background apoptosis at t = 0, prior to stimulation with 
APO010 was subtracted (values: Control < 1%, 1 µg/ml 
etoposide 2.4 - 3.1%, 2 µg/ml etoposide 2.7 – 5.8%). 
Fold sensitization depicted in the right panel was 
extrapolated from Caspase-3 activation data in the left 
panel and indicates the fold enhancement of APO010-
induced Caspase-3 activation by pre-treatment of 
J16-Bcl-2 cells with etoposide. Statistically significant 
differences between values of EV and FLIP#4 samples 
are indicated for *P<0.05 and **P<0.01.
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sensitized control cells to APO010. Etoposide-mediated 
sensitization to APO010 in FLIP#4 transduced cells was 
significantly reduced (Figure 5d).
These results indicate that modulation of c-FLIP levels 
is an important determinant for APO010 sensitivity in 
J16-Bcl-2 cells. c-FLIP downregulation greatly facilitated 
the mitochondrion-independent pathway for effector 
caspase activation, mimicking etoposide-mediated 
sensitization to APO010. Moreover, it largely overruled 
the capability of etoposide to increment apoptotic 
execution. We conclude that downregulation of c-FLIP 
protein expression is a major mechanism by which 
etoposide sensitizes J16-Bcl-2 cells to APO010-induced 
apoptosis.

Various stimuli that sensitize J16-Bcl-2 cells to APO010 
downregulate c-FLIP  
Next, we examined whether other stress stimuli could 
also facilitate APO010-induced apoptosis in J16-Bcl-2 
cells. For this purpose, cells were pre-treated with IR, 
UV radiation, the HDAC inhibitors Trichostatin A (TSA) 
and Valproic Acid (VPA), or the proteasome inhibitors 
MG132 and lactacystin. In all cases, pretreatment 
significantly enhanced APO010-induced apoptosis 
(Figure 6 a-d). In the time-frame of pre-sensitization, IR 
slightly increased CD95 membrane levels (Figure 6f ), 
but etoposide and UV and no effect, while VPA and TSA 
significantly downregulated CD95. This ruled out CD95 

upregulation at the plasma membrane as mechanism 
for increased APO010 sensitivity [23]. Interestingly 
however, treatment of J16-Bcl-2 cells with all stimuli 
strongly downregulated c-FLIP protein levels (Figure 
6e). In case of IR, UV and VPA, SP600125 could not 
overrule sensitization (Supplementary Figure 4), which 
correlated with an inability to restore c-FLIP levels 
(Supplementary Figure 3 and data not shown). 
We therefore conclude that in addition to etoposide, 
also IR, UV radiation, HDAC and proteasome inhibitors 
sensitize J16-Bcl-2 cells to APO010 apoptosis, potentially 
by the same mechanism of c-FLIP downregulation.

Downregulation of c-FLIP by RNAi impairs the ability of 
different stimuli to sensitize to APO010
Subsequently, we used c-FLIP RNAi to test whether 
c-FLIP downregulation was a common mechanism by 
which the various stress stimuli sensitized J16-Bcl-2 
cells to APO010-induced apoptosis. Control or FLIP#4-
transduced J16-Bcl-2 cells were pretreated with IR, UV, 
TSA, VPA, MG132, or lactacystin and next stimulated with 
APO010. After 8h, cells were harvested and analyzed for 
active Caspase-3 content by flow cytometry. All stimuli 
strongly sensitized control cells to APO010-induced 
Caspase-3 activation (Figure 7a). Sensitization was 
in the order of 4-fold (Figure 7b). However, in FLIP#4 
transduced cells, that had intermediate c-FLIP levels 
(Figure 5a), sensitization was significantly reduced 
(Figure 7b). 

Figure 6. Various stimuli - that sensitize J16-
Bcl-2 cells to APO010 - downregulate c-FLIP 
protein levels, without upregulating CD95 
membrane levels. (A-D) J16-Bcl-2 cells were 
left untreated (Control) or stimulated with (A) 
30 Gy IR, (B) 60 J/m2 UV, (C) 300 nM TSA or (D) 
6.4 mM VPA. Directly after stimulation (UV) or 
15h later (IR, TSA, VPA), cells were stimulated 
with 0.4 ng/ml APO010 for the indicated 
periods of time and analyzed for active 
Caspase-3 content by flow cytometry. Data 
represent means ± SD of at least 3 independent 
experiments. Statistically significant differences 
between values of Control and IR, UV, VPA or 
TSA treated cells are indicated for *P<0.05, 
**P<0.01 and ***P<0.001. (E) J16-Bcl-2 cells 
were harvested at 15h after stimulation with 
2 µg/ml etoposide (Etop), 10 or 30 Gy IR, 300 
nM TSA, 10 µM lactacystin (Lacta), 6,4 mM VPA, 
5 µM MG132 or at 3h after irradiation with 
60 J/m2 UV. Total c-FLIP protein levels were 
determined in cell lysates by immunoblotting. 
Open and filled triangles indicate that c-FLIPL 
and c-FLIPS isoforms, respectively. Actin served 
as a loading control. (D) J16-Bcl-2 cells were 
stimulated with the indicated regimes as 
outlined in (E) and CD95 membrane levels of 
live cells were determined by flow cytometry. 
Values of mean fluorescence intensity (MFI) 
are represented as mean ± SD of at least 4 
independent experiments, normalized to CD95 
MFI of untreated cells. Statistically significant 
differences between values of Control and 
VPA, TSA or IR treated samples are indicated 
for *P<0.05 and ***P<0.001.
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These results indicate that c-FLIP downregulation is 
a common mechanism by which J16-Bcl-2 cells are 
sensitized to CD95-mediated apoptosis by a wide range 
of stimuli.

Discussion

Many reports describe combined effects of 
conventional- or targeted anti-cancer regimens and 
death receptor agonists in tumor cell killing. For TRAIL 
receptor agonists in particular, combination treatment 
proved effective in a variety of tumor types in vitro and 
in xenograft settings in vivo [9]. The mechanisms of 
action of death receptors and conventional anti-cancer 
regimens predict additivity in treatment outcome upon 
combination therapy. Moreover, upregulation of death 
receptors at the plasma membrane in response to DNA 
damaging regimens may lead to synergy. However, in 
various cell lines, such as Jurkat leukaemia [23], HT-
29 colon carcinoma [24] and Hep3b hepatocellular 
carcinoma [25], combined effects of TRAIL and DNA 
damaging regimens could not be explained by changes 
in receptor membrane expression, raising the question 
of the underlying molecular mechanism. Exploring 
such mechanisms is of interest, since they may provide 
a guideline for rational combination therapy in the 
clinical setting, once molecular diagnosis in treatment 
guidance is firmly in place. 
In this study, we show that pretreatment of J16-Bcl-2 
cells with conventional anti-cancer regimens IR and 
etoposide, but also with UV radiation, HDAC inhibitors 
and proteasome inhibitors sensitized them to APO010-
induced apoptosis, without breaking mitochondrial 
resistance imposed by Bcl-2. Rather, Caspase-8 
activation was improved, allowing for execution via 
the direct pathway. Sensitization did not correlate 
with changes in CD95 plasma membrane levels, 
but with decreased c-FLIP protein levels. Restoring 

c-FLIP expression after etoposide treatment by JNK 
inhibition reversed sensitization to APO010. Moreover, 
c-FLIP downregulation by RNAi largely overruled the 
capability of all stimuli to sensitize J16-Bcl-2 cells to 
APO010-induced apoptosis. These data indicate that 
c-FLIP downregulation is an important mechanism by 
which a variety of cellular stressors sensitize cancer cells 
to CD95-induced apoptosis. 
Most likely, the reduction in c-FLIP protein levels 
induced by these stimuli allowed fewer c-FLIP molecules 
to be recruited into the CD95L DISC, thereby altering 
the c-FLIP- to Caspase-8/10 ratio and allowing for more 
effective inducer caspase activation. c-FLIP plays a dual 
role in the DISC, since it inhibits Caspase-8/10 activation 
when present at high levels, but can promote Caspase-
8/10 activation when present at low levels [12]. We 
found that c-FLIP downregulation facilitated Caspase-
8/10 activation in the CD95L DISC. This agrees with other 
studies: In SHEP neuroblastoma cells, cycloheximide 
or actinomycin D treatment reduced cellular c-FLIP 
protein levels and participation in the CD95L-DISC and 
incremented inducer caspase activation [26]. Prostate 
carcinoma [27] and Hodgkin/Reed-Sternberg cells [28] 
were sensitized to CD95-mediated apoptosis by c-FLIP 
RNAi. Moreover, melanoma cells were sensitized to 
both CD95-and TRAIL-receptor-induced apoptosis by 
c-FLIP RNAi [29], in agreement with the highly similar 
signalling principles of both receptor types [12]. On 
basis of current data, downregulation of c-FLIP -which 
was found to be overpressed in several tumor types- 
was recently proposed as a rational strategy to sensitize 
tumor cells to death ligand therapy [30].
A number of studies report a correlation between c-FLIP 
downregulation by cellular stressors and increased 
sensitivity to TRAIL-induced apoptosis, although exact 
consequences at the level of the DISC have been 
examined only in a few cases [30]. In colon [24] and 
hepatocellular [25] carcinoma, c-FLIP downregulation 
by 5-FU was correlated with reduced levels of c-FLIP in 

Figure 7. c-FLIP downregulation by RNAi impairs sensitization to APO010 by various stimuli. Empty vector (EV)- and FLIP#4 transduced J16-Bcl-2 
cells were stimulated with 60 J/m2 UV, or incubated for 15h after stimulation with 30 Gy IR, 300 nM TSA, 5 µM MG132 or 10 µM lactacystin (Lacta). Next, 
cells were stimulated with 0.4 ng/ml APO010 and analyzed 8 h later for active Caspase-3 content by flow cytometry. (A) Values of Caspase-3 activation 
represented as means + SD of 3-4 independent experiments. Background apoptosis at t = 0 prior to stimulation with APO010 was subtracted (values: 
Control <1%, IR 2.2 - 5.1%, TSA 3.5 – 5%, MG132 15.6 – 19.1%, lactacystin 9.3 – 13%, UV 3.3 – 4.9%). (B) Fold sensitization as extrapolated from Caspase-3 
activation data in (A). It indicates the fold enhancement of APO010-induced Caspase-3 activation by pre-treatment of J16-Bcl-2 cells with the indicated 
stimuli. Statistically significant differences between the indicated values are indicated for *P<0.05, **P<0.01 and ***P<0.001. 
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the TRAIL DISC and with enhanced sensitivity to TRAIL-
mediated apoptosis, in agreement with our present 
study on CD95. However, 10 Gy IR did not detectably 
alter c-FLIP levels in J16-Bcl-2 cells and did not sensitize 
them to APO010-induced apoptosis (data not shown), 
while it did improve Caspase-8/10 activation in the TRAIL 
DISC [23]. This suggests that CD95 and TRAIL receptors 
have partially distinct requirements to activate inducer 
caspases in the DISC. This may relate to differential 
receptor microdomain localization, or post-translational 
modifications [31]. 
In our previous study, in which J16-Bcl-2 cells were 
pre-sensitized with IR, improved effector Caspase-
8/10 activation in the DISC allowed apoptosis-
induction by TRAIL via the direct pathway for effector 
caspase activation [23]. Now we show that c-FLIP 
downregulation in the same cells allows APO010 
to bypass the mitochondrial pathway for apoptotic 
execution. These findings imply a ‘switch’ from Type II to 
Type I signalling in these cells for both TRAIL receptors 
and CD95. J16-Bcl-2 cells are not the only Type II cells for 
which this apparent ‘switch’ takes place upon combined 
treatment. Also in case of Type II CEM leukemia cells, 
cycloheximide pretreatment allowed CD95-mediated 
apoptosis via the direct pathway [32]. However, in other 
Type II cells (mesothelioma and carcinoma cell lines), an 
intact mitochondrial amplification loop was required 
for apoptotic execution upon combined treatment 
with DNA-damaging regimens and TRAIL, even 
though inducer caspase activity was enhanced [33-35]. 
Therefore, enhanced inducer caspase activation may be 
sufficient in some cell types for execution via the direct 
pathway, while in other cell types -perhaps particularly 
in solid tumors- the mitochondrial pathway may still be 
required. 
We have demonstrated that in one cell type, IR, UV 
radiation, etoposide, HDAC- and proteasome inhibitors 
all downregulate c-FLIP protein levels. c-FLIP expression 
is tightly regulated, both at the transcriptional and at 
the protein level. The NF-κB pathway can induce c-FLIP 
transcription, while the ubiquitin-proteasome pathway 
mediates c-FLIP degradation [36, 37]. c-FLIP molecules 
have a short half life and are subject to proteasomal 
degradation at the steady state. In addition, they 
are ubiquitinated in response to death receptor 
stimulation, via a defined ubiquitin ligase that is under 
control of the JNK pathway [19, 38]. In agreement with 
this, short-term incubation with proteasome inhibitor 
rescued the disappearance of c-FLIP after addition 
of the stress stimuli, but upon prolonged incubation, 
c-FLIP was still downregulated (results not shown). This 
can be explained by the fact that proteasome activity 
is required for NF-κB activation, which in turn directs 
c-FLIP transcription. 
In case of etoposide, we found that c-FLIP 
downregulation was impeded by JNK inhibition. This 
concurs with the report that implicated JNK in c-FLIP 
ubiquitination [19] and with the finding that JNK 

inhibition reversed etoposide-mediated sensitization 
to TRAIL in mesothelioma cells [20]. In case of UV 
radiation, however, which potently activated the JNK 
pathway and downregulated c-FLIP, the JNK inhibitors 
-while functional- could not rescue c-FLIP protein 
expression. Only in case of IR, c-FLIP levels were 
partially restored upon JNK inhibition (Supplementary 
Figure 3). The extent of c-FLIP restoration correlated 
with the extent to which sensitization to APO010 was 
reversed (Supplementary Figure 4). We conclude that 
JNK activation may contribute to, but is not a general 
mechanism by which c-FLIP is downregulated in 
response to stress stimuli and that JNK activation per se 
does not sensitize cells for APO010-induced apoptosis. 
In conclusion, c-FLIP downregulation is an important 
common mechanism by which various stress inputs 
sensitize J16-Bcl-2 cells to CD95-mediated apoptosis 
via direct pathway for caspase activation. The apparent 
ability of death receptors to ‘switch’ from Type II to Type 
I signalling following c-FLIP downregulation may be of 
more general relevance for sensitizing tumor cells to 
death receptor-mediated apoptosis.

Materials and Methods 

Cell lines and reagents 
The J16 Jurkat clone stably overexpressing Bcl-2 and luciferase 
(J16-Bcl-2) was generated by retroviral transduction as described 
[39]. J16 cells are heterozygous mutant for p53 and the DNA 
damage-induced apoptosis pathway is p53-independent [39]. 
J16-Bcl-2 cells and derivatives were cultured in Iscove’s modified 
Dulbecco’s medium (IMDM) with 8% fetal bovine serum (FBS) 
and antibiotics. APO010 in native and biotinylated form was 
kindly provided by TopoTarget, produced as described [17] 
and kept frozen in storage buffer at -80°C. SP600125 was from 
ENZO Life Sciences International Inc. The cell permeable L-JNKi 
peptide (sequence NGRKKRRQRRRPPRPKRPTTLNLFPQVPRSQD 
with carboxy-terminal amide) was produced at the Division 
of Cell Biology at the Netherlands Cancer Institute, according 
to standard procedures. The product was purified by HPLC 
and its sequence was verified by mass spectrometry. TSA, VPA, 
anti-Caspase-8 monoclonal antibody (mAb, clone C15) and 
soluble human FLAG-tagged CD95L were obtained from Alexis 
Biochemicals (Lausen, Switzerland). Biotinylated anti-FLAG mAb 
(clone M2), etoposide and puromycin were from Sigma-Aldrich 
(St Louis, MO). Anti-Cyt c mAb (clone 6H2.B4) and rabbit anti-
active Caspase-3 antibody were from BD Biosciences (San Jose, 
CA), anti-actin mAb (clone C4) was from Chemicon International 
(Temecula, CA). AlexaFluor 647-conjugated goat anti-mouse Ig 
and goat anti-rabbit Ig were from Molecular Probes (Leiden, The 
Netherlands). Lactacystin and MG132 were from Calbiochem 
(Darmstadt, Germany). Horseradish peroxidase-conjugated 
rabbit anti-mouse Ig and swine anti-rabbit Ig were from DAKO 
A/S (Glostrup, Denmark) and the enhanced chemiluminescence 
kit was from Pierce Biotechnology (Rockford, IL). Rabbit anti-PARP 
polyclonal Ab (pAb) 9542 was from Cell Signaling Technologies 
(Danvers, MA). Streptavidin-conjugated sepharose beads were 
from Zymed (San Francisco, CA).

Retroviral gene transduction
Stable knock down of c-FLIP in J16-Bcl-2 cells 
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with si RNA (complementary sense and antisense 
oligonucleotides FLIP#1: 5’-GAATAGACCTGAAGACAAA-3’,  
FLIP#2: 5’-GATACAAGATGAAGAGCAA-3’, FLIP#3: 
5’-GCTATGAAGTCCAGAAATT-3’, FLIP#4: 5’-
GGAGCAGGGACAAGTTACA-3’, FLIP#5: 5’-
GCAAGGAGAAGAGTTTCTT-3’) was performed with the 
pRSC retroviral vector that is a modification of pRetroSuper 
[40] with a puromycin resistance cassette. Packaging of the 
(dideoxynucleotide sequence verified) constructs in the HT1080 
packaging cell line FLY and transduction of J16-Bcl-2 cells with 
freshly harvested virus supernatant was carried out as described 
[23]. Cells were selected after 3 days with 1 μg/ml puromycin. 

Apoptosis assays
For apoptosis assays, cells were stimulated with the indicated 
doses of APO010, etoposide, IR, TSA, VPA, MG132 or lactacystin 
in their normal medium. After addition of stimulus, cells were 
incubated for the indicated time periods at 37°C, 5% CO2. IR was 
delivered using a 137Cs source (415 Ci; Von Gahlen Nederland, 
B.V.) at an absorbed dose rate of approximately 0.6 Gy/min. For 
UV irradiation, 5 x 105 cells were resuspended in 500 µl culture 
medium and transferred into 12-well plate. After allowing cells to 
sink to the bottom of the plate for at least 30 min, UV irradiation 
was performed using the UV Stratalinker 2400 (Stratagene, La 
Jolla, CA) at a dose rate of 10 J/m2/s. In some experiments cells 
were incubated (prior to sensitization) with 10 μM SP600125 
for 30 min or 10 μM L-JNKi peptide for 24 h at 37°C, 5% CO2. 
Nuclear fragmentation was determined by flow cytometric 
analysis of propidium iodide (PI) stained nuclei as described 
[23]. Data were analyzed using FCS Express (De Novo Software, 
Thornhill, Canada). Cellular debris was excluded from analyses 
and percentage of subdiploid PI-positive particles was scored 
as percentage apoptosis. Active Caspase-3 content and Cyt c 
release by flow cytometry were determined as described [23]. 

DISC isolation
J16-Bcl-2 cells were stimulated with 2 μg/ml etoposide and 15h 
later seeded at 108 cells/sample in 30 ml medium in a 15-cm dish. 
Cells were stimulated with 20 ng/ml FLAG-CD95L pre-coupled 
to 100 ng/ml biotinylated anti-FLAG M2 mAb for the indicated 
periods of time. DISC isolation was performed as described [23], 
with some modifications of the original protocol [12].

Immunoblotting
Total cellular protein was determined by Bio-Rad protein 
assay (Mϋnchen, Germany) and was separated at 40 μg per 
lane on 4-12% NuPage Bis-Tris gradient gels (Invitrogen) in 
MES buffer, according to the manufacturer’s instructions. 
Subsequent immunoblotting was performed as described 
([23], and references therein). For some blots, the iBlotTM 
system (Invitrogen) was used according to the manufacturer’s 
instructions. Where appropriate, autoradiography signals were 
quantified using a Fluorchem8000 chemiluminescence imager 
(Alpha Innotech Corp., San Leandro, CA).

Flow cytometric detection of CD95
For flow cytometric detection of CD95 surface levels, cells were 
incubated for 15h with the indicated stimuli at 37°C, 5% CO2. After 
incubation, cells were stained with biotinylated APO010 and 
subsequently with streptavidin-conjugated allophycocyanine 
(BD Pharmingen). Samples were gated on live, PI negative cells, 
and data were analyzed using FCS Express. Mean Fluorescence 
Intensity (MFI) values of stimulated cells were normalized to 
those of unstimulated (Control) cells.    

Statistics
Differences between treatment groups were analyzed with 
unpaired Student’s t-tests and were considered significant 
when p < 0.05. Analyses were performed using GraphPad Prism 
version 4 for Windows (Graph Pad Software, San Diego, CA).
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Supplementary Figure 1. c-FLIP downregulation by etoposide is post-
transcriptionally regulated. J16-Bcl-2 cells were either left unstimulated 
(Control) or treated with 2 µg/ml etoposide (Etop) for 15h. mRNA levels 
of Actin, GAPDH, PGK (controls), and c-FLIP (test) were determined 
in duplicate by qualitative real-time (qRT)-PCR. Values obtained were 
normalized to those of Actin, GAPDH and PGK in control samples. c-FLIP 
levels of control- and etoposide treated samples were  normalized to the 
average expression levels of Actin, GAPDH and PGK. c-FLIP protein levels 
as detected by immunoblotting in total cell lysates as shown in the right 
panel were from the same samples that were used for qRT-PCR. These 
data were also shown in Figure 3b. 

Supplementary Figure 2. Inhibiting etoposide-induced JNK signaling 
restores c-FLIP protein levels. J16-Bcl-2 cells were incubated with 10 
μM L-JNKi peptide for 24h or with 10 μM SP600125 for 30 min at 37°C, 
5% CO2 and next stimulated with 2 µg/ml etoposide (Etop). 15h later, 
c-FLIP, p-cJun and p-JNK protein levels were determined in total cellular 
lysates by immunoblotting. Actin and total JNK levels served as a loading 
controls. 

Supplementary Figure 3. Inhibiting JNK signaling only effectively 
restores c-FLIP levels in etoposide-treated cells. J16-Bcl-2 cells were 
incubated with 10 μM L-JNKi peptide for 24h or with 10 μM SP600125 for 
30 min, after which cells were stimulated with etoposide (Etop, 2 μg/ml),  
30 Gy IR or 60 J/m2 UV (UV). 15h after treatment with Etop and IR or 2 and 
4 h after treatment with UV, c-FLIP, p-cJun and p-JNK protein levels were 
determined in total cellular lysates by immunoblotting. Actin, total cJun 
and total JNK levels served as controls. 

Supplementary Information

Supplementary Figure 4. JNK inhibition only effectively reverses 
sensitivity to APO010 in etoposide-treated cells. J16-Bcl-2 cells were 
incubated in the presence or absence of 10 μM SP600125 (SP) for 30 min, 
or 10 μM L-JNKi peptide for 24h at 37°C, 5% CO2. Subsequently, these 
cells were stimulated with (A) etoposide (Etop, 2 μg/ml), Bb) UV (60 J/m2), 
(C) IR (30 Gy) or (D) VPA (6,4 mM). Directly after stimulation (UV) or after 
15h incubation at 37°C, 5% CO2 (Etop, IR and VPA), cells were stimulated 
for the indicated time periods with 0.4 ng/ml APO010 and analyzed for 
Caspase-3 activation by flow cytometry. Data represent mean ± SD of 
at least 3 independent experiments. Statistically significant differences 
between values for ‘sensitized’ cells in the presence or absence of JNK 
inhibitors are indicated for *P<0.05, **P<0.01. Note that (A) is the same 
graph as Figure 4b and is shown here only for comparison.

A B

C D

Supplementary Materials and Methods 

Reagents
Rabbit anti-phospho-JNK pAb 9251 and rabbit anti-phospho-c-
Jun pAb 9261 were from Cell Signaling Technologies (Danvers, 
MA). Rabbit anti-c-Jun pAb (sc-1694) was from Santa Cruz 
Biotechnology (Santa Cruz, CA) and cycloheximide was from 
Sigma. 

mRNA isolation, cDNA synthesis and qualitative real-time (qRT)-
PCR
mRNA was isolated as described [23]. One µg of total RNA 
was used to generate first strand cDNA by using SuperScript 
II and random hexamers (Invitrogen). RT-PCR was performed 
using serially diluted cDNA (in 8 µl H2O), 10 µl Fast SYBR® Green 
Master Mix (Applied Biosystems, Nieuwekerk a/d IJssel, the 
Netherlands) and 1 µl of 10 µM Forward and Reverse primer. 
PCR reactions were done following standard procedures using 
the 7500 Fast real-time PCR System (Applied Biosystems). 
Primer sequences GAPDH FW: 5’-GACCCCTTCATTGACCTC-3’, 
GAPDH RV: 5’-CCAAAGTTGTCATGGATG-3’, PGK 
FW: 5’-ATTAGCCGAGCCAGCCAAAATAG-3’, PGK 
RV: 5’-TCATCAAAAACCCACCAGCCTTCT-3’, Actin 

FW: 5’-CCTGGCACCCAGCACAA-3’, Actin RV: 5’-
GCCGATCCACACGAGTACT-3’, c-FLIPL (targeting only c-FLIPL) 
FW: 5’-GACAGAGCTTCTTCGAGACAC-3’, c-FLIPL RV: 5’-
CCTGAGTGAGTCTGATCCACAC-3’, c-FLIPL+S (targeting both 
c-FLIPL and c-FLIPs isoforms) FW: GCCGAGGCAGGATAAGCAAG-3’, 
c-FLIPL+S RV: 5’-GTTGAGCGCCAAGCTGTTC-3’.

Sample preparation for immunoblotting JNK/cJun levels
For immunoblotting JNK/cJun proteins, cells were lysed in RIPA 
lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP40, 1% 
deoxycholate, 0.1% SDS and proteasome inhibitors) for 15’ on 
ice. Subsequently, DNA was sheared by sonification and lysates 
clarified by centrifugation (20.000 x g, 10 min, 4°C). Protein 
concentration in lysates was determined by the BCA protein 
assay (Pierce) according to the manufacturer’s instructions. 
Subsequent gel electropheresis and immunoblotting were 
performed as described in the Materials and Methods section.





TRAIL-receptor-1 and -2 plasma membrane 
levels are differentially regulated by 
dynamin-dependent endocytosis and 
MARCH family ubiquitin ligases

Chapter 6 

Manuscript in preparation

Inge Verbrugge
Veronica Monserrat

Chiel Maas
Merel Gijsen

Hans Janssen
Jacques Neefjes

Jannie Borst



74     | Chapter 6

Authors’ affiliations: IV, CM, MG, JB Division of Immunology, VM, HJ, JN Division of Cell Biology, the 
Netherlands Cancer Institute, Amsterdam, the Netherlands

Corresponding author: J. Borst, Division of Immunology, the Netherlands Cancer Institute, Plesmanlaan 121, 
1066 CX Amsterdam, the Netherlands, email: j.borst@nki.nl; fax:+31-20-5122057; tel:+31-20-5122056



75     | Regulation of TRAIL receptor membrane levels

TRAIL death receptors can signal for apoptosis, but can also activate the anti-apoptotic NF-
κB pathway. It is emerging that the subcellular localization of death receptors dictates the 
nature of their signaling output. For this reason, we examined the regulation of TRAIL receptor 
trafficking in relation to apoptosis-induction, using breast-, cervix- and melanoma tumor cell 
lines as model systems. A large pool of TRAIL- receptor (R)1 and -R2, resided at steady state in 
late endosomal/lysosomal compartments. This pool was most likely targeted for degradation, 
since we found no evidence for sorting of TRAIL receptors from the lysosomal compartments 
to the plasma membrane. Blocking receptor internalization by dominant negative Dynamin-1 
did not inhibit TRAIL-induced apoptosis, suggesting that apoptosis signaling took place at 
the cell surface and not in endosomes. Dominant negative Dynamin-1 enhanced TRAIL-R1, 
but not TRAIL-R2 cell surface expression, indicating a differential regulation of both receptors 
by dynamin-dependent endocytosis at steady state. In conjunction with this, members of the 
MARCH ubiquitin ligase family specifically reduced cell surface expression of TRAIL-R1, but not 
TRAIL-R2. This occurred by targeting of the unique lysine residue 273 in TRAIL-R1, as its mutation 
into alanine abrogated the impact of the MARCH proteins on TRAIL-R1 downregulation. We 
conclude that in the cell lines studied, (dynamin-mediated) TRAIL-R1 and -R2 endocytosis is 
not required for apoptosis induction, suggesting that apoptosis signaling occurred from TRAIL 
receptors at the plasma membrane. In addition, TRAIL-R1 cell surface expression at steady 
state is selectively regulated by MARCH ubiquitin ligases, which target lysine 273 and sort 
TRAIL-R1 into a dynamin-dependent endocytic route that most likely attenuates pro-apoptotic 
signaling. 

Introduction

Pre-clinical studies indicated that triggering of tumor 
necrosis factor (TNF)-related apoptosis-inducing ligand 
(TRAIL) death receptors by recombinant ligand or 
agonistic antibodies is a promising anti-cancer regimen, 
since TRAIL induced apoptosis in a large panel of long-
term established tumor cell lines, but was not toxic to 
normal tissue [1, 2]. Currently, TRAIL receptor agonists 
have been pursued in several phase I and II clinical trials 
(reviewed in [3]). Death receptors (TRAIL-R1/-R2, CD95/
Fas, TNF receptor (R)-1) activate the extrinsic pathway for 
apoptosis induction, in which ligand-induced receptor 
clustering leads to recruitment of components of the 
death-inducing signaling complex (DISC) to the death 
receptor tail. Within the DISC, inducer Caspase-8/-10 
are activated, processed and released into the cytosol, 
where – in the direct pathway for apoptosis induction 
– they find effector caspases as their targets [4, 5]. In 
addition, Caspase-8/10 activate the mitochondrial 
pathway for effector caspase activation by cleaving 
and activating BH3-only protein Bid [6]. The efficacy of 
death receptors to induce apoptosis independent of the 
mitochondria depends on the cell type. Cells have been 
classified as Type I or Type II by their ability to induce 
apoptosis via CD95 [7-9] or TRAIL death receptors [10, 
11] in the presence of Bcl-2 overexpression. In Type 
II cells, the mitochondrial pathway is required for 
apoptosis induction, whereas in Type I cells it is not. 
Death receptors can in addition activate alternative 

signaling pathways, including the NF-κB pathway, which 
inhibits apoptosis by transcriptionally upregulating 
inhibitory Bcl-2 family members, inhibitor of apoptosis 
proteins (IAPs) and c-FLIP [12]. Apoptosis signaling by 
TNFR-1 [13, 14] and CD95 [15] in Type I cells was found 
to be initiated from receptor complexes in endocytic 
compartments, whereas receptors on the cell surface 
activated the NF-κB survival pathway. However, for 
TRAIL-R1/-R2 this seemed not to be the case. Although 
these receptors were internalized after ligand binding 
in BJAB Type I cells studied, via clathrin dependent and 
independent routes, internalization was not required 
for pro-apoptotic signaling [16, 17]. 
A number of immunohistological studies indicate 
that, at the steady state, a large proportion of death 
receptors resides intracellularly [18-22]. For TNFR-1, 
TRAIL-receptors and CD95, these compartments were 
partially defined as the trans-Golgi network (TGN) 
[20, 23, 24], but further specifications are lacking. 
Given that different signaling complexes can associate 
with death receptors at the plasma membrane or 
in endosomes [13-15], it is possible that plasma 
membrane- and intracellular death receptor pools 
fulfill different functions. There is evidence that the 
pool of intracellular (TGN) localized TRAIL receptors 
communicates with, and is sorted to the cell surface, 
thereby actively controlling the pool of membrane 
localized receptors. Triggering of cell surface-localized 
receptors induced their endocytosis, but overall, no 
overt changes in cell surface expression were seen 
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upon receptor stimulation [20]. 
TRAIL receptors can be deposited in the TGN directly 
via the biosynthetic route or after retrograde transport 
of receptor complexes that are endocytosed from 
the plasma membrane. Upon their synthesis, Type I 
transmembrane receptors (such as TRAIL-R1/-R2) are 
imported into the ER via the signal recognition particle 
and subsequently transported through the Golgi to the 
cell surface. It is known that protein sorting can occur 
at the level of the TGN. From the TGN, there is a default 
route to the plasma membrane, but also a retrograde 
route to the ER [25] and one to the endosomal system 
(e.g. [26, 27]). 
In addition, TRAIL receptors (e.g. [16, 17]) and many 
other transmembrane receptors, including G protein-
coupled receptors and receptor tyrosine kinases [28] 
undergo both ligand-induced and ligand-independent 
internalization from the plasma membrane. 
Internalization of membrane receptors serves at 
least two functions (1) attenuation of signaling of the 
activated receptor and (2) placing the activated cell 
surface receptor in the appropriate cellular location to 
interact with downstream signaling molecules [29]. For 
CD95, it has been described that upon ligand binding, 
activated receptors are targeted to clathrin-coated 
membrane invaginations. GTP hydrolysis by dynamin 
drives the scission of these ‘pits’ to release endocytic 
transport vesicles from the plasma membrane, after 
which fusion with early endosomes occurs. During 
progression along the endocytic pathway, endosomal 
cargo is sorted to the appropriate subcellular 
destination. Among these fates are retention in the 
endosome, recycling back to the plasma membrane, 
delivery to a lysosomal degradation pathway and 
retrograde transport to the Golgi or TGN [29]. 
One of the mechanisms by which transmembrane 
receptors are sorted from the plasma membrane into 
the endocytic pathway, is through ubiquitination. In 
addition to the central role that (poly) ubiquitination 
plays in cellular homeostasis by targeting proteins 
to proteosomal degradation [30], ubiquitination 
also regulates the sorting of proteins along the 
endocytic route to lysosomes (reviewed in [31]). 
Proteins are ubiquitinated by ubiquitin ligases (E3s) 
that simultaneously interact with the substrate and a 
ubiquitin conjugating enzyme (E2). The E2 receives 
activated ubiquitin from the ubiquitin activating 
enzyme (E1) (reviewed in [32, 33]). Recently, it has 
been reported that a number of transmembrane 
glycoproteins are targeted for ubiquitination and 
subsequent sorting to lysosomal membranes by 
membrane-associated RING-CH (MARCH) E3s [34]. Viral 
K3s of the MARCH family, which are supposedly derived 
from their mammalian homologues [34] can also 
internalize a number of transmembrane glycoproteins 
(e.g. [35]). It was proposed that the RING-CH proteins 
mediate the ubiquitination of the cytosolic tails of the 
target transmembrane proteins [36-38]. In addition, 

the E3 Receptor Internalization and Degradation 
(RID), encoded by the adenovirus type 5 induces 
internalization of both TRAIL-R1 and CD95 from the 
cell surface and directs their transport to lysosomal 
structures [39, 40].  
Although TRAIL is a promising anti-cancer regimen, 
many tumor cells are resistant to TRAIL-induced 
apoptosis (e.g. [41]). Collective evidence indicates 
that death receptor trafficking is highly regulated and 
intimately related to pro-apoptotic signaling. To better 
understand what determines TRAIL-sensitivity of tumor 
cells, we examined the regulation of TRAIL receptor cell 
surface expression by components of the endocytic 
machinery and their impact on apoptosis induction. 

Results

A large pool of exogenous TRAIL-receptors resides in late 
endosomal/lysosomal compartments
To facilitate the study of TRAIL receptor trafficking, 
TRAIL-R1 and TRAIL-R2 were fused to mRFP. The receptor 
chimeras were stably expressed in MCF7-C3 cells by 
retroviral transduction. Plasma membrane expression 
of TRAIL-R1 and TRAIL-R2 in transduced cells was about 
10-fold higher than in non-transduced cells, according 
to flow cytometry using fluorescent mAbs specific for 
each receptor (Fig. 1A). This indicates that transport 
of TRAIL receptors to the plasma membrane was not 
impeded by the fusion of mRFP. It is also apparent that, 
even after selection, a large proportion of cells reverted 
to endogenous levels of TRAIL-R1 and TRAIL-R2 
expression (Fig. 1 A), indicating that cells are selected 
against high TRAIL receptor membrane expression. 
This is consistent with the ability of TRAIL-R1 or TRAIL-
R2 to induce ligand-independent clustering of death 
receptors and apoptosis upon overexpression [42, 43]. 
To investigate the localization of TRAIL receptors in 
the endosomal pathway at steady state, transduced 
cells were fixed and stained with antibodies to early 
endosome antigen-1 (EEA-1) or the late endosomal/
lysosomal marker CD63 and examined by CLSM. As 
determined by pixel analysis, the TRAIL receptors 
only marginally co-localized with EEA-1 (Fig. 1 B), 
but strongly co-localized with CD63 (Fig. 1 C). TRAIL 
receptors did not significantly co-localize with the 
trans-Golgi network markers TGN46 or TGN97 (data not 
shown). Myc-tagged TRAIL-R2, retrovirally expressed 
in MCF7-C3 cells also substantially co-localized with 
CD63 and not with EEA-1 (Fig. S1 A), indicating that 
the localization of TRAIL receptors in late endosomal/
lysosomal compartments is not a resultant of mRFP 
tagging. In addition, TRAIL-R1.mRFP or TRAIL-R2.
mRFP similarly co-localized with CD63 upon stable 
expression in MelJuSo cells (Fig. S1 B), and not with 
EEA-1 or TGN markers (data not shown), indicating that 
their localization to late endosomal compartments was 
not cell type specific. As antibodies directed against 
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Figure 1. A large pool of 
exogenous TRAIL-receptors 
resides in late endosomal/ 
lysosomal compartments. (A) 
Cell surface expression of TRAIL-
R1 and –R2 in MCF7-C3 cells 
stably transduced to express 
TRAIL-R1.mRFP (left) or TRAIL-R2.
mRFP (right). TRAIL-R1 or TRAIL-
R2 was detected by specific 
mAbs, followed by fluorochrome-
conjugated secondary antibody. 
Filled gray histogram: expression 
of endogenous TRAIL receptors on 
control MCF7-C3 cells; open black 
histogram: expression of TRAIL 
receptors on transduced MCF7-
C3 cells; open gray histogram: 
secondary antibody only. Values 
indicate the corresponding mean 
fluorescence intensity (MFI). 
(B) CLSM of TRAIL-R1/-R2.mRFP 
transduced cells after staining 
with anti-EEA-1 mAb followed by 
Alexa Fluor 488 goat anti-mouse 
Ig. (C) CLSM of TRAIL-R1/-R2.mRFP 
transduced cells after staining 
with FITC-conjugated anti-CD63 
mAb. Pixel analysis in B,C indicates 
colocalization, Scale bar: 10 μM. 
(D) Immuno-EM of TRAIL-R1.GFP 
transduced (left) and TRAIL-R2.
GFP transfected (right) MCF7-C3 
cells. GFP (TRAIL receptors) and 
CD63 were detected by specific 
antibodies and decorated with 
Protein A-conjugated large (15 
nm) and small (10 nm) gold 
particles respectively. PM, plasma 
membrane. Arrows point to 
vesicular structures, in which CD63 
and TRAIL receptors colocalize. 
(Scale bar: 150 nm)
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GFP (but not to mRFP) have been successfully used in 
immuno-EM, we examined subcellular distribution of 
GFP-tagged TRAIL-R1/-R2 in MCF7-C3 cells by immuno-
EM. Here, we also observed partial co-localization 
of GFP-tagged TRAIL-R1 and TRAIL-R2 with CD63 
in vesicular structures (Fig. 1 D). Collectively, these 
findings indicate that a large pool of intracellular TRAIL 
receptors resides in late endocytic structures.  

The late endosomal/lysosomal pool of TRAIL receptors is 
not sorted to the cell surface 
Plasma membrane glycoproteins, such as the 
Transferrin receptor readily enter the endocytic 
pathway via clathrin-coated pits. After internalization, 
Transferrin receptor recycles to the plasma membrane 
[44]. To investigate whether the pool of late endosomal/
lysosomal TRAIL receptors is also sorted to the plasma 
membrane, we used Rab-interacting lysosomal protein 
(RILP) overexpression to disrupt lysosomal transport 
and monitored its impact on TRAIL receptor surface 
levels. RILP directs the movement of late-endosomes/
lysosomes toward the minus-end of microtubules 

by recruiting the dynein-dynactin motor [45, 46], 
and its overexpression leads to clustering of these 
vesicles around the microtubule-organizing center 
(MTOC). Therefore, potential retrograde transport of 
TRAIL receptors from the late endosomal/lysosomal 
compartments to the plasma membrane will be 
disrupted. Wild-type MCF7-C3 cells or MCF7-C3 cells 
stably expressing TRAIL-R1.mRFP or TRAIL-R2.mRFP 
were transiently transfected with GFP-RILP. In these 
cells, the majority of intracellular TRAIL receptors 
colocalized with RILP perinuclearly, at a location that 
is consistent with RILP enforcing the dynein motor-
driven transport of lysosomes towards the MTOC (Fig. 
2 A). Cell surface levels of TRAIL receptors, both in wild-
type MCF7-C3 cells and cells stably expressing TRAIL-
R1/-R2.mRFP were not affected by RILP overexpression 
(Fig. 2 B). This indicates that the late endosomal/
lysosomal pool of TRAIL receptors was not sorted to 
the plasma membrane, since in that case, a depletion 
of TRAIL receptors from the cell surface would be 
expected in cells that overexpressed RILP. In addition, 
RILP overexpression did not affect sensitivity to TRAIL-

Figure 2. The late endosomal / lysosomal pool of TRAIL receptors is not sorted the cell surface. (A) MCF7-C3 cells expressing TRAIL-R1.mRFP (top) or 
TRAIL-R2.mRFP (bottom) were transiently transfected with RILP-GFP, fixed, counterstained with TO-PRO-3 and analyzed by CLSM. (Scale bar: 10 μM). Pixel 
analysis indicates colocalization. (B) The same cells as in (A) as well as control MCF7-C3 cells transfected with RILP-GFP were analyzed for TRAIL-R1 (left) 
and TRAIL-R2 (right) membrane expression by flow cytometry. (C) MCF7-C3 cells expressing GFP-RILP were stimulated with IZ-TRAIL for 4 h. Apoptosis 
induction (Caspase-3 activation) in the RILP-transfected GFP positive population (RILP) and in the untransfected GFP negative population (Control) was 
analyzed by flow cytometry. Values indicate mean +SD of 3 independent experiments. 
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induced apoptosis (Fig. 2 C). Collectively, these results 
indicate that the late endosomal/lysosomal pool 
of TRAIL receptors is not sorted to the cell surface, 
suggesting that it is an end-stage pool, targeted for 
degradation. 

Blocking dynamin-mediated endocytosis does not affect 
apoptosis-induction by TRAIL, but differentially impacts 
on TRAIL-R1 versus TRAIL-R2 membrane levels
MCF7-C3 cells are Type I cells for which it has been 
described that internalization of CD95 and TNFR-1 is 
essential for apoptosis signaling [14, 15]. We therefore 
examined whether TRAIL receptor internalization upon 
ligand binding was required for apoptosis signaling. 
To block internalization (both by clathrin-dependent 
and –independent mechanisms), we overexpressed 
a GTPase defective mutant of Dynamin-1 (K44A). In 
these cells, coated pits do not become constricted and 
coated vesicles do not bud off into the cytoplasm [47, 
48]. Overexpression of K44A Dynamin-1 abrogated 
the ability of cells to internalize FITC-conjugated 
Transferrin (Fig. 3 A), thus validating the effect of this 
mutant. However, its overexpression did not impede 

TRAIL-induced apoptosis (Fig. 3 B). 
Interestingly, when TRAIL receptor expression was 
analyzed in cells transfected with wild-type or K44A 
Dynamin-1, a differential impact of K44A Dynamin-1 
on TRAIL-R1 versus TRAIL-R2 levels was observed. 
Membrane expression of TRAIL-R2 was not affected by 
either wild-type or K44A Dynamin-1. However, blocking 
internalization by K44A Dynamin-1 led to increased 
TRAIL-R1 surface levels in GFPhigh cells that presumably 
also expressed high levels of K44A Dynamin-1 (Fig. 3 
C).   
These data indicate that dynamin-dependent 
endocytosis is not required for TRAIL-induced apoptosis, 
which is in agreement with a previously published 
report using Type I BJAB cells [17]. This finding further 
supports the concept that the pool of TRAIL receptors 
that resides in late endosomes/lysosomes is not 
involved in apoptosis signaling. We also conclude that 
endocytosis of TRAIL-R1 and TRAIL-R2 from the plasma 
membrane is differentially regulated. Whereas TRAIL-R1 
membrane levels were affected by inhibiting dynamin-
dependent endocytosis, this was not observed for 
TRAIL-R2 in the time-frame analyzed. 

Figure 3. Blocking dynamin-mediated endocytosis does not affect apoptosis-induction by TRAIL, but differentially impacts on TRAIL-R1 versus 
TRAIL-R2 membrane levels. (A) CLSM of MCF7-C3 cells transfected with K44A Dynamin-1, analyzed 10-20 min after incubation with FITC-conjugated 
Transferrin. (Scale bar: 50 μM). Transferrin uptake was quantified (right panel) in MCF7-C3 cells transfected with wild-type (WT, n=50) or K44A Dynamin-1 
(K44A, n=100) and are representative of multiple experiments. K44A Dynamin-1 cells were further classified as ‘low’ or ‘high’ Dynamin-1 expressors 
based on the intensity of Dynamin-1 staining (dim or bright respectively). (B) MCF7-C3 cells were co-transfected with Dynamin-1 (WT or K44A) and GFP 
(3:1 ratio), or GFP only as a control (Control) for 24 hours. Next, cells were stimulated with 50 ng/ml IZ-TRAIL and analyzed for active Caspase-3 by flow 
cytometry at the indicated periods of time. Apoptosis induction per sample was analyzed for both nontransfected, GFP negative (-) and transfected - GFP 
positive - cell populations. (C) The same cells as in (B) were stained for membrane TRAIL-R1 (middle columns) and TRAL-R2 (right columns) and expression 
of TRAIL receptors in live cells was subsequently evaluated by flow cytometry. Values indicate mean fluorescence intensity of TRAIL receptor expression 
in the corresponding GFP positive (GFP and Dynamin-1 transfected) and GFP negative (untransfected) cell populations. 
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MARCH proteins downregulate surface levels of 
(selectively) TRAIL-R1 
TRAIL-R1 and TRAIL-R2 have 58% overall identity at the 
protein level [43], which leaves room for differential 
regulation of receptor trafficking by post-translational 
processes. In fact, it has been described that cell surface 
expression of TRAIL-R1 and not TRAIL-R2 is inhibited 
by downregulation of components of the signal 
recognition particle [49]. Alignment of the membrane-
proximal intracellular regions of both receptors 
revealed a single lysine residue (K273) in TRAIL-R1 that 
was not conserved in TRAIL-R2 (Fig. 4A). This made 
TRAIL-R1 a potential target for the recently identified 
MARCH family of ubiquitin ligases. It was demonstrated 
that members of this family regulate internalization 
and transport of a variety of transmembrane receptors 
to lysosomes, presumably for degradation. Lysine 
residues that served as MARCH targets were localized 
in the membrane-proximal region of the cytoplasmic 

tail of these receptors [34]. 
We used a flow cytometric assay, as described previously 
[34] to assess whether cell surface expression of TRAIL-
R1 and/or TRAIL-R2 was regulated by MARCH proteins. 
GFP-tagged MARCH 1, 2, 4, 8 or 9 were transiently 
expressed in MCF7-C3 cells (Fig. 4 B,C), melanoma cell 
line MelJuSo (Fig. 4 C) or cervix carcinoma cell line HeLa 
(Fig. S3). The impact of MARCH proteins on TRAIL-R1/-
R2 cell surface expression was assessed by detection of 
both TRAIL receptors with specific mAbs as assessing 
the mean fluorescence intensity of TRAIL-R1/-R2 in 
MARCH expressing (GFP positive) cells versus control 
(GFP negative) cells in the same population. All MARCH 
proteins tested reduced cell surface expression of TRAIL-
R1 to a significant extent, but MARCH 1 and MARCH 9 
had the most pronounced effect in both MCF7-C3 and 
MelJuSo cells (Fig. 4C). In contrast, the MARCH proteins 
had a modest and mostly not significant effect on 
TRAIL-R2 cell surface expression in the three cell lines 

Figure 4. MARCH proteins downregulate surface levels of (selectively) TRAIL-R1. (A) Comparison of the membrane-proximal cytoplasmic tail of 
human TRAIL-R1 and TRAIL-R2. The last 4 C-terminal transmembrane amino acids are indicated in italics and lysine residues (potential MARCH targets) 
are indicated in bold. The areas of homology are aligned. (B) MCF7-C3 cells were transfected with GFP-tagged MARCH 1, 2, 4, 8, 9 or GFP as a control 
(Control). Cell surface levels of TRAIL-R1 (top) and TRAIL-R2 (bottom) were determined by flow cytometry. Values indicate mean fluorescence intensity 
of TRAIL receptors in the corresponding GFP positive and GFP negative cell populations. (C) Quantification of TRAIL-R1 (open bars) and TRAIL-R2 (filled 
bars) expression in MCF7-C3 cells (left panel) and MelJuSo cells (right panel) transfected with GFP-tagged MARCH 1, 2, 4, 8, 9 or GFP as a control ( - ). 
For analysis, fluorescence intensity of 2nd Ab in the GFP positive and negative cell populations was subtracted from fluorescence intensity of TRAIL-R 
staining and normalized to TRAIL-R expression in the GFP negative population. Values represent mean +SD of 2 (MelJuSo) or at least 3 (MCF7-C3) 
independent experiments. Statistical differences (*P<0.05, **P<0.01, ***P<0.001) indicated for TRAIL-R1 expression between GFP control transfected 
cells and cells transfected with the respective MARCH constructs. Statistical differences (#P<0.05) indicated for TRAIL-R2 expression between GFP control 
transfected cells and cells transfected with the respective MARCH constructs.
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tested (Fig. 4 B,C and results not shown). 
We conclude that MARCH family members specifically 
target TRAIL-R1 – as opposed to TRAIL-R2 – and 
downregulate its plasma membrane levels at steady 
state. 

Downregulation of TRAIL-R1 by a number of MARCH 
proteins is reversed in cells overexpressing K44A 
Dynamin-1 
The MARCH proteins may downregulate TRAIL-
R1 cell surface expression either by ubiquitination 
and subsequent internalization of TRAIL-R1 at the 
plasma membrane or by ubiquitination of TRAIL-R1 
in the biosynthetic route prior to plasma membrane 
deposition. To discriminate between these possibilities, 
we tested to which extent K44A Dynamin-1 could 
prevent the downregulation of TRAIL-R1 by MARCH 
proteins. For this purpose, the various MARCH proteins 
were individually co-expressed with K44A Dynamin-1 
in MCF7-C3 or HeLa cells and TRAIL-R1 plasma 
membrane expression was evaluated as described 
for Fig. 4. Downregulation of TRAIL-R1 by MARCH 1, 
MARCH 2, MARCH 4 and MARCH 8 could be prevented 
by the Dynamin-1 mutant to a significant degree (Fig. 
5; Fig. S3). This strongly suggests that these MARCH 
proteins target plasma membrane-localized TRAIL-R1 
and promote its endocytosis via a dynamin-dependent 
pathway. K44A Dynamin-1 could not fully rescue TRAIL-

R1 from downregulation by MARCH 9 in MCF7-C3 
or HeLa cells (Fig. 5; Fig. S3). Co -expression of K44A 
Dynamin-1 and the MARCH proteins did not affect 
TRAIL-R2 membrane levels in MCF7-C3 cells (data not 
shown). 
We conclude that MARCH 1, 2, 4, 8 likely promote 
dynamin-dependent endocytosis of TRAIL-R1 from the 
plasma membrane. In addition, MARCH 9 in particular 
may downregulate TRAIL-R1 cell surface levels at steady 
state by having an additional impact on the trafficking 
of intracellularly-localized receptors. 

K273A mutation in the cytoplasmic tail of TRAIL-R1 
impedes the ability of MARCH 1 and 9 to downregulate 
TRAIL-R1
As mentioned above, TRAIL-R1 contains a unique 
membrane-proximal lysine residue (K273) in its 
cytoplasmic tail that is a potential target site for MARCH-
mediated ubiquitination. To test its involvement in 
TRAIL-R1 downregulation by the MARCH proteins, 
this residue was mutated into alanine. Subsequently, 
MCF7-C3 cells were transduced to stably express 
either wild-type TRAIL-R1.mRFP or K273A TRAIL-R1.
mRFP. Flow cytometry revealed a clear population of 
cells expressing the introduced TRAIL-R1 at the plasma 
membrane. Fluorescence intensities of exogenous wild-
type and K273A TRAIL-R1 were comparable, indicating 
that TRAIL-R1 transport to the cell surface in steady state 

Figure 5. Downregulation of TRAIL-R1 by a number of MARCH proteins is reversed in cells overexpressing K44A Dynamin-1. (A) MCF7-C3 cells 
were transfected with GFP-tagged MARCH 1, 2, 4, 8, 9 or GFP as a control (Control) in the absence (top panels) or presence (bottom panels) of K44A 
Dynamin-1 (1:3 ratio). Cell surface levels of TRAIL-R1 were determined by flow cytometry and values indicate mean fluorescence of TRAIL-R1 expression 
in the GFP positive and GFP negative cell populations. (B) Quantification (performed as described in Fig. 4 C) of TRAIL receptor expression. Left panel: 
TRAIL-R1 expression in MCF7-C3 cells transfected with GFP-tagged MARCH 1, 2, 4, 8, 9, or GFP as a control ( - ) in presence of K44A Dynamin-1 (1:3 ratio). 
Values represent mean + SD of at least 3 independent experiments. Statistics (*P<0.05, **P<0.01) indicate differences between GFP transfected cells and 
cells transfected with the respective MARCH constructs. Right panel: Quantification (performed as described in Fig. 4 C) of TRAIL-R1 expression in HeLa 
cells transfected with GFP-tagged MARCH 1, 2, 4, 8, 9 or GFP as a control ( - ) in the absence (Control) or presence (K44A Dyn) of K44A Dynamin-1. 
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was not affected by the lysine mutation. As observed 
earlier for the wild-type TRAIL-R1 and TRAIL-R2 (Fig. 1 
A), cells were selected over time against high levels of 
exogenous mutant TRAIL-R1 expression.   
MCF7-C3 cells expressing wild-type or K273A mutant 
TRAIL-R1.mRFP were transiently transfected with GFP 
empty vector as a control or GFP-tagged MARCH 1 
and MARCH 9, which were most efficient in TRAIL-R1 
downregulation. Because the flow cytometry lasers 
were not able to efficiently excite mRFP in transduced 
cells, we could not evaluate the differential impact of 
the MARCH proteins on the mRFP positive and negative 

cell populations. We therefore monitored within the 
GFP positive MARCH-expressing cell population the 
number of cells expressing high (exogenous) levels 
versus low (endogenous) levels of TRAIL-R1. The 
quadrants were set (with the aid of density lines) such 
that the pool of endogenous and exogenous TRAIL-R1 
expressing cells in the GFP negative population were 
appropriately separated (Fig. 6 B). As shown in Fig. 6 
B and quantified from 4 independent experiments in 
Fig. 6 C, MARCH 1 and MARCH 9 induced a significant 
redistribution of wild-type exogenous TRAIL-R1 to the 
endogenous TRAIL-R1 gate as compared to the GFP 

Figure 6. K273A mutation in TRAIL-
R1 impedes the ability of MARCH 
1 and 9 to downregulate TRAIL-
R1. (A) Wild-type MCF7-C3 cells 
(Control, thin black line) or MCF7-
C3 cells stably expressing TRAIL-R1.
mRFP (WT TRAIL-R1, bold gray) or 
K273A TRAIL-R1.mRFP (K273A TRAIL-
R1, bold black line) were analyzed 
for TRAIL-R1 surface expression by 
flow cytometry. (B) The same cells as 
in (A) were transfected with GFP as 
a control (Control, left), GFP-tagged 
MARCH 1 (middle) or MARCH 9 
(right). TRAIL-R1 cell surface levels 
were determined by flow cytometry. 
Quadrants were set to separate 
endogenous and exogenous 
TRAIL-R1 expression in the GFP 
negative cell population. Numbers 
indicate % of total cells in each 
quadrant. Percentages represent 
the proportion of GFP positive cells 
in either the total population of 
endogenous (TRAIL-R1low, left) or 
exogenous (TRAIL-R1high, right) 
TRAIL-R1 expressing cells. This way, 
downregulation of exogenous 
TRAIL-R1 by MARCH proteins could 
be quantified, as exogenous TRAIL-
R1 would now migrate into the 
quadrant of ‘endogenous’ TRAIL-
R1. For clarification, percentages 
were subsequently plotted as bar 
diagrams (B, bottom left panel). 
In addition, to compare TRAIL 
receptor distribution between 
different experiments that differ in 
transfection efficiency, the total pool 
of GFP positive cells set to 100%, and 
values obtained in left panels were 
normalized accordingly (B, lower 
right panel). (C) Quantification of 
the impact of GFP ( - ), MARCH 1 
and MARCH 9 on exogenous TRAIL-
R1 downregulation. Normalized 
data of TRAIL-R1 distribution (as 
obtained in B, lower right panel 
for 1 independent experiment) 
was determined in 4 independent 
experiments, where values represent 
mean +SD. Statistics indicate 
differences (***P<0.001) between the 
distribution of TRAIL-R1 expression 
in GFP control transfected cells and 
cells transfected with either MARCH 
1 or MARCH 9.  
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empty vector control. However, MARCH 1 and MARCH 
9 could not induce a significant redistribution of the 
K273A mutant TRAIL-R1 (Fig. 6 B, C). We conclude that 
MARCH proteins reduce plasma membrane expression 
of TRAIL-R1 by targeting lysine 273 in the cytoplasmic 
tail of the receptor. 

Discussion

A number of studies indicated that TRAIL death 
receptors reside both at the plasma membrane, as 
well as intracellularly, in ill-defined compartments. We 
identified that a large pool of TRAIL receptors resided 
at steady state in intracellular compartments, which we 
defined by the CD63 marker, as well as by morphology 
in electron micrographs as late endosomes/lysosomes. 
In contrast to what has been reported earlier [20], we 
did not find any significant accumulation of TRAIL 
receptors in the TGN. These discrepancies should be 
subject to further investigation; they may be caused 
by different cell systems, antibodies, or methods used 
to detect co-localization (in this study this was done 
by pixel analysis). In addition, we cannot rule out that 
the late endosomal/lysosomal pool of TRAIL-receptors 
was caused by their mere overexpression after 
retroviral transduction. We were not able to address 
endogenous localization of TRAIL receptors in our cell 
systems used, as the antibodies we had available did 
not detect endogenous TRAIL receptors. In agreement 
with previous studies in BJAB cells [17], we found 
that inhibition of dynamin-dependent endocytosis in 
the cell lines studied here did not impede apoptosis 
signalling by TRAIL-R1/-R2. This indicates that in these 
cells, TRAIL receptors do not require an endosomal 
localization to initiate apoptosis signaling. It follows 
from these data that the late endosomal/lysosomal 
pool of TRAIL receptors is unlikely to be functional in 
apoptosis signaling. 
We addressed the possibility that the late endosomal/
lysosomal pool of TRAIL-R1/-R2 was connected to 
the functional receptor pool at the cell surface, by 
recycling like CD63. However, inhibition of transport 
of the compartments back to the cell surface by 
transient overexpression of RILP did not affect TRAIL 
receptor plasma membrane levels in the time-frame 
of the experiment. In addition, downregulation of 
RILP expression by RNAi similarly did not alter cell 
surface expression of TRAIL-R1/-R2 (results not shown). 
This suggests that the lysosomal receptor pool is not 
sorted to the cell surface. Interference with potential 
retrograde transport from endosomes to the TGN by 
overexpression of dominant negative or constitutively 
active Rab6A [50] also did not affect TRAIL-R1/-R2 cell 
surface expression or apoptosis signaling (results not 
shown). 
Collectively, these data indicate that receptor 
endocytosis terminates apoptosis signaling and 

suggest that the late endosomal/lysosomal pool of 
TRAIL receptors is targeted for degradation. 
Using dominant negative Dynamin-1, we found that 
the turnover of TRAIL-R1 and TRAIL-R2 at the plasma 
membrane at steady state (in absence of TRAIL 
binding) is differentially regulated; plasma membrane 
levels of TRAIL-R1, but not TRAIL-R2 increased upon 
transient overexpression of K44A Dynamin-1. This 
finding does not rule out that TRAIL-R2 is subject to 
dynamin-dependent endocytosis, but indicates a 
difference between the two receptors with regards to 
the dynamics of this process. It is also possible that 
ligand-induced internalization of TRAIL receptors and 
their internalization at steady state depend on different 
mechanisms. Therefore, homeostatic regulation of 
TRAIL-R2 membrane levels may not involve dynamin-
dependent mechanisms, whereas this is not necessarily 
the case for ligand-induced internalization. TRAIL 
internalization in BJAB cells still occurred in cells that 
overexpressed K44A Dynamin [17], indicating that 
TRAIL and its receptors can be internalized via dynamin-
independent routes as well. 
All MARCH family ubiquitin ligases tested here 
reduced plasma membrane expression of TRAIL-R1, 
while having little or no effect on TRAIL-R2, in line 
with a differential mechanism of receptor turnover at 
the plasma membrane. By combined expression of 
MARCH 1, 2, 4, 8, 9 proteins and dominant negative 
Dynamin-1, we provided strong evidence that most 
MARCH proteins, with the exception of MARCH 
9, primarily targeted plasma membrane localized 
TRAIL-R1 for endocytosis. MARCH proteins have been 
shown to reside in differential subcellular (membrane-
associated) compartments. Only MARCH 9 was found 
in compartments that co-stained with the TGN marker 
AP-1 [34], suggesting that TRAIL-R1 could be targeted 
by MARCH 9 in the TGN for ubiquitination and lysosomal 
degradation, thereby preventing anterograde transport 
to the cell surface. 
It has been appreciated by a number of studies that 
plasma membrane expression of TRAIL-R1 and TRAIL-
R2 is differentially regulated. A genetic screen identified 
components of the signal recognition particle as 
regulators of TRAIL-R1, but not TRAIL-R2 plasma 
membrane deposition, but the underlying mechanism 
is thus far unclear [49]. In addition, the adenovirus 
E3-10.4K/14.5K complex [51] and the viral E3 RID [40] 
downregulated CD95 surface levels and conferred 
resistance to CD95-mediated apoptosis. In case of 
RID, CD95 was targeted for lysosomal degradation. 
RID also downregulated TRAIL-R1 cell surface levels by 
targeting targeted TRAIL-R1 for lysosomal degradation 
[39]. To date, ability of viral E3s to downregulate TRAIL-
R2 have not been reported. Analogous to the effect of 
TRAIL-R1 downregulation by these viral E3s, it is likely 
that the MARCH proteins here studied downregulate 
surface TRAIL-R1, by directing their sorting into late 
endosomal/lysosomal compartments as observed in 
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Fig. 1 C, D.  
Transport of TRAIL-R2 to lysosomes requires further 
investigation. It is likely that other mediators than 
MARCH protein family members play a role, since their 
impact on TRAIL-R2 membrane downregulation was 
much less pronounced (Fig. 4 B,C) in the timeframe 
analyzed. The cytoplasmic tail of TRAIL-R2 (Fig. 4 
A) contains a number of lysine residues, as well a 
dileucine sequence that could potentially serve as 
internalization motifs without requiring ubiquitination. 
The YxxL internalization motif in the death domain of 
CD95 (aa291-294 [15]), can also be found (albeit at a 
different position in the death domain) in TRAIL-R1, -R2 
and TNFR-1. The YxxW internalization motif of TNFR-1 
in its membrane-proximal cytoplasmic tail (aa207-210 
[14]) is not present in TRAIL-R1, -R2 or CD95. Lysine 
273 in TRAIL-R1 was identified as a potential target 
site for MARCH-mediated ubiquitination, because its 
mutation impaired the ability of MARCH 1 and MARCH 
9 to downregulate TRAIL-R1 cell surface levels (Fig. 6 
B,C). Co-expression of TRAIL-R1 with MARCH proteins 
in the presence of wild-type ubiquitin and ubiquitin 
mutant molecules should point out whether TRAIL-R1 
is indeed ubiquitinated and whether mono- or poly 
ubiquitination is required for TRAIL-R1 endocytosis. 
In addition, co-localization of the different MARCH 
proteins and WT versus K273A TRAIL-R1 will provide 
additional evidence for the sub-cellular localization of 
TRAIL-R1 and MARCH protein interaction. 
In this study, MARCH-mediated TRAIL-R1 down-
regulation involved deliberate expression of exogenous 
MARCH proteins. A number of MARCH proteins, in 
particular MARCH 9 are ubiquitously expressed [34]. In 
addition MARCH 1 mRNA was found to be overexpressed 
in breast tumors (www.oncomine.org). Transcripts 
of MARCH 2, 3, 5, 6, 7 and 9 were found in MCF7-C3 
cells (results not shown). Deliberate downregulation 
of endogenous MARCH proteins in MCF7-C3 cells by 
RNA interference should reveal which MARCH family 
members predominantly regulate TRAIL-R1 cell surface 
expression under physiological conditions. 
Since TRAIL receptor internalization was not required 
for Caspase-3 activation (Fig. 3), most likely TRAIL-
induced apoptosis signaling occurs at the plasma 
membrane. Therefore, it is conceivable that TRAIL-
R1 downregulation from the cell surface by MARCH 
proteins may affect sensitivity to TRAIL receptor 
agonists. The extent to which this can be revealed will 
depend on expression and functionality of TRAIL-R2 
and on the agonistic agent employed. Recombinant 
human TRAIL can signal for apoptosis through both 
receptors, but the reliance on either receptor to induce 
apoptosis varies between cell types (e.g. [52-54]). In 
addition, receptor-selective antibodies or recombinant 
human (rh) TRAIL variants display differential agonistic 
activities, again depending on the cell type. Therefore, 
the impact on TRAIL-induced apoptosis by MARCH 
proteins should either be evaluated in a TRAIL-R2 null 

cell system, or by specifically activating TRAIL-R1 using 
for instance anti-TRAIL-R1 agonistic antibodies. 
In this study, we identified a novel mode of TRAIL-R1 
regulation by members of the MARCH E3 ubiquitin 
ligase family. MARCH 1, 2, 4, 8, and 9 could all specifically 
downregulate TRAIL-R1 levels, leaving TRAIL-R2 cell 
surface levels largely unaffected. Lysine 273 in TRAIL-R1 
was identified as the potential MARCH ubiquitination 
site, as its mutation into alanine abrogated MARCH-
mediated TRAIL-R1 downregulation to a large extent. 
Future studies will have to identify the nature and 
subcellular location of TRAIL-R1 ubiquitination. In 
addition, the physiological and functional role of the 
MARCH proteins in TRAIL-R1 downregulation and 
apoptosis sensitivity to TRAIL should be addressed. 
Once molecular diagnosis in treatment guidance for 
cancer patients is firmly in place, these results may 
provide a guideline for patient assignment in future 
clinical trials incorporating TRAIL receptor agonists.

Materials and Methods

Cells and reagents
Human breast carcinoma cells MCF-7 and derivatives, human 
cervix carcinoma line HeLa, human melanoma line MelJuSo 
and the HT1080 packaging cell line FLY [55] were cultured in 
Dulbecco’s modified Eagle medium (DMEM) with 8% fetal 
bovine serum (FBS) and antibiotics.
Recombinant human isoleucine-zippered (IZ) and FLAG-tagged 
TRAIL were kindly provided by H. Walczak (Imperial College 
London, UK). Monoclonal antibodies (mAbs) used were: anti-
Myc (clone 9E10, Sigma-Aldrich); biotinylated anti-human 
TRAIL-R1 (clone DJR1) and biotinylated anti-human TRAIL-R2 
(clone DJR2-4) from eBiosciences; anti-early endosomal antigen 
(EEA)-1 (clone 14) and anti-Dynamin-1 (clone 41) from BD 
Transduction Laboratories; FITC-conjugated anti-CD63 (clone 
MEM-259, AbCam). Rabbit anti-active Caspase-3 antibody and 
Allophycocyanine (APC)-conjugated streptavidin were from BD 
Biosciences. Fluorescent secondary antibodies, conjugated to 
Alexa Fluor 488 (green), Alexa Fluor 568 (red), Alexa Fluor 633 
(far red, shown as blue), and Alexa Fluor 647 (far red, FL-4 in 
flow cytometry) were from Moleular Probes. 

Constructs 
The retroviral vector LZRS-Caspase-3-MS-IRES-Zeo was 
generated by first introducing BamHI and EcoRI restriction 
sites by PCR (primers #1 and #2) using pcDNA3-Caspase-3 
(kindly provided by H. Walczak) as template. TRAIL-R1 and -2 
were fused to monomeric Red Fluorescent Protein (mRFP) to 
allow tracking in live cells. The retroviral vectors pMX-TRAIL-
R1.mRFP and pMX-TRAIL-R2.mRFP were generated by first 
introducing EcoRI and BamHI restriction sites by PCR using 
pcDNA3-TRAIL-R1 and pcDNA3-TRAIL-R2 (kindly provided by H. 
Walczak) as template. Primers used were #3 and #4 for TRAIL-
R1; #5 and #6 for TRAIL-R2. Next, PCR fragments were ligated 
into linearized pmRFP-N1 using EcoRI and BamHI restriction 
sites. Subsequently, TRAIL-R1.mRFP and TRAIL-R2.mRFP were 
excised and ligated into linearized pMX-Blasticidin (Bsd) using 
EcoRI and NotI restriction sites. For immuno-EM, TRAIL-R1 and 
-2 were fused to GFP in pEGFP-N1 and TRAIL-R2 was subcloned 
into pMX-I-Bsd by the same cloning strategy as described 
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above. pMX-TRAIL-R2.Myc was generated by first introducing 
a C-terminal myc tag and EcoRI and NotI restriction sites by 
PCR (primers #7 and #8) in pcDNA3-TRAIL-R2. Subsequently, 
the insert was ligated into linearized pMX-Bsd using EcoRI 
and NotI restriction sites. pEGFP-C1-RILP has been described 
previously [56]. pEGFP-N1-MARCH proteins were generated by 
first introducing EcoRI and BamHI restriction sites by PCR using 
pUHD10-1-MARCH 1, pUHD10-1-MARCH 2, and pUHD10-1-
MARCH 8 (kindly provided by E. Bartee), pOTB7-MARCH 4 and 
pOTB7-MARCH 9 (Genservice) as templates. Primers used were 
#9 and #10 for  MARCH 1; #11 and #12 for MARCH 2; #13 and 
#14 for MARCH 4; #15 and #16 for MARCH 8; #17 and #18 for 
MARCH 9. Subsequently, the PCR fragments were ligated into 
pEGFP-N1 (Clontech) using EcoRI and BamHI restriction sites. 
pcDNA3-Dynamin-1 (wild type and K44A mutant) constructs 
were generated by excision of Dynamin-1 cDNA from pMT2-
Dynamin-1 (wild type and K44A mutant, described in [57]) 
and subsequent ligation into pcDNA3 using KpnI and XbaI 
restriction sites. The K273ATRAIL-R1 point mutant was 
generated in pcDNA3-TRAIL-R1 by PCR using the QuikChange 
site-directed mutagenesis kit according to the manufacturer’s 
instructions (Stratagene) using primers #19 and #20 and 
subsequent cloning into pMX-Bsd was performed as described. 
All constructs were verified by dideoxynucleotide sequencing. 

Transfection and retroviral transduction
Cells were transfected with FuGENE 6 according to the 
manufacturer’s instructions (Roche). Unless otherwise 
indicated, cells were manipulated 20-24 h after transfection. 
Production of Caspase-3 amphotropic retrovirus was done in 
the 293T human embryonic kidney cell-derived packaging cell 
line Phoenix-Ampho [58]. Briefly, 1.8 x 106 cells were seeded 
on a 10 cm dish and after 15 h transfected with 8 µg plasmid 
DNA. After 48 h, 5 x 105 MCF7 cells were transduced with virus-
containing supernatant. Selection of transduced cells was 
initiated 4 days after transduction by the addition of 200 µg/
ml Zeocin (Invitrogen).
Production of all other amphotropic retroviruses was done in 
the HT1080 packaging cell line FLY [55] and transduction of 
MCF7-C3 cells with freshly harvested virus supernatant was 
carried out as described [59]. Cells were selected after 3 days 

with 10 μg/ml Blasticidin (Sigma).

CLSM
Cells (105 per sample) were grown and transfected on glass 
coverslips in 6-well plates, washed in PBS and fixed with ice-
cold (-20°C) methanol for 2 min. After rehydration in PBS, 
nonspecific binding sites were blocked for 30 min by using 
1% Bovine Serum Albumine (BSA) in PBS. Incubations were 
performed with antibodies diluted in blocking buffer for 45-
60 min, after which coverslips were washed and incubated for 
30-45 min with the appropriate secondary antibodies diluted 
in blocking buffer. Next, coverslips were washed and mounted 
on glass slides using Vectashield (Vector Laboratories). All 
treatments were performed at room temperature. CLSM was 
performed using a TCS SP2 system using a 63x 1.32 NA oil 
immersion objective and confocal software (all obtained from 
Leica). Images were processed (cropping and level adjustment) 
using Photoshop software (Adobe). To minimize spectral leak-
through, images were obtained by sequential scanning. 

Production and internalization of FITC-conjugated Transferrin
Transferrin was conjugated to FITC to analyze dynamin-
mediated endocytosis. Briefly, 5 mg Transferrin (Sigma) was 
diluted in 12.5 ml 0.1 M NaHCO3, pH 9.5. 17.5 μl FITC (10 mg/
ml in dimethylformamide) was incubated with Transferrin for 
2 h (in dark, RT). FITC-conjugated Transferrin was separated 
from nonconjugated FITC molecules using a sephadex column 
(Sephadex G-25, Pharmacia), aliquotted and stored at -20°C 
until further use. To analyze Transferrin internalization by 
CLSM, transfected cells were incubated with 25 μg/ml FITC-
conjugated Transferrin in binding medium (3% bovine serum 
albumin (BSA)/ 20 mM Hepes, pH 7.2 in DMEM) and incubated 
at 37°C, 5% CO2 for 10-20 min. After incubation, coverslips 
were washed twice with PBS and further processed as 
described for analysis by CLSM. The percentage of Dynamin-1 
transfected cells (wild-type or K44A mutant) that internalized 
FITC-conjugated Transferrin was calculated from 45 wild-type 
and 96 K44A mutant transfected cells, where the intensity of 
Dynamin-1 staining was also taken into account; Dynamin-1 
bright cells were scored as K44Ahigh and Dynamin-1 dim cells 
were scored as K44Alow.

# Primer Sequence (5’-3’)
1 Casp-3 FW cgg gat cca tgg aga aca ctg aaa act c
2 Casp-3 RV gcc tta agt tag tga taa aat aga gtt c
3 TRAIL-R1 FW cct ttg aat tca tgg cgc cac cac cag cta gag tac atc tag g
4 TRAIL-R1 RV caa ctg gat ccg cct cca agg aca cgg cag agc ctg tgc g
5 TRAIL-R2 FW gtg gaa ttc gcc gcc acc atg gaa caa cgg gg
6 TRAIL-R2 RV caa ctg gat ccg cgg aca tgg cag agt ctg cat tac ctt c
7 TRAIL-R2.Myc FW cct gcg aat tca tgg aac aac ggg gac aga acg ccc
8 TRAIL-R2.Myc RV cct atg cgg ccg ctt aca gat ctt ctt cag aaa taa gtt ttt gtt cgg aca tgg cag agt ctg cat tac ctt
9 MARCH 1 FW ttg aat tcg cca cca tga cca gca gcc acg ttt gtt g
10 MARCH 1 RV aag gat ccc gga ctg ata caa ctt cag ggg ggc c
11 MARCH 2 FW ttg aat tcg cca cca tga cga cgg gtg act gc
12 MARCH 2 RV aag gat ccc gta ctg gtg tct cct ctg cca
13 MARCH 4 FW ttg aat tcg cca cca tgc tga tgc ccc tgt gtg
14 MARCH 4 RV aag gat ccc gca ctg tcg tga ctc tca tga cca
15 MARCH 8 FW ttg aat tcg cca cca tga gca tgc cac tgc atc a
16 MARCH 8 RV aag gat ccc gga cgt gaa tga ttt ctg ctc ca
17 MARCH 9 FW ttg aat tcg cca cca tgc tca agt ctc ggc tcc g
18 MARCH 9 RV ttg aat tcg cca cca tgc tca agt ctc ggc tcc g
19 TRAIL-R1 K273A FW tca ggt tgt gga ggg gac ccc gcg tgc atg gac agg gtg tgt ttc
20 TRAIL-R1 K273A RV gaa aca cac cct gtc cat gca cgc ggg gtc ccc tcc aca acc tga

Table 1. Primers used for cloning and site-directed mutagenesis
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Supplementary Information

Supplementary Figure 1. 
TRAIL-R2.myc colocalizes with 
late endosomal / lysosomal 
compartments. (A) CLSM of 
TRAIL-R2.myc transduced MCF7-
C3 cells after staining with anti-
myc mAb followed by Alexa 
Fluor 568 goat anti-mouse Ig 
and FITC-conjugated anti-CD63 
mAb. (B) CLSM of MelJuSo cells 
stably expressing TRAIL-R1.
mRFP (top panels) or TRAIL-R2.
mRFP (bottom panels). Cells 
were fixed, stained with FITC-
conjugated anti-CD63 mAb 
and counterstained with TO-
PRO-3. Pixel analysis indicates 
colocalization, Scale bars: 10 μM. 

A

B



Supplementary Figure 2. 2nd Ab controls accompanying Fig. 4 B and Fig. 5 A. For calculating 
the impact of MARCH proteins on TRAIL-R downregulation, the mean fluorescence intensity (values 
indicated in the corresponding GFP positive and GFP negative gates) of the 2nd Ab control was 
subtracted from that of TRAIL-R expression in Fig. 4 B and Fig. 5 A.

Supplementary Figure 3. 
Downregulation of TRAIL-
R1 by a number of MARCH 
proteins is reversed in HeLa 
cells overexpressing K44A 
Dynamin-1. HeLa cells were 
transfected with GFP-tagged 
MARCH 1, 2, 4, 8, 9 or GFP as a 
control in the absence (top panels) 
or presence (bottom panels) of 
K44A Dynamin-1 (1:3 ratio). Cell 
surface levels of TRAIL-R1 were 
determined by flow cytometry and 
values indicate mean fluorescence 
of TRAIL-R1 in the GFP positive and 
GFP negative cell populations. 
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Combined modality treatment with radiotherapy 
and death ligands: clinical prospects 

Improving the therapeutic efficacy of radiotherapy 
with death receptor agonists such as tumor necrosis 
factor (TNF)-related apoptosis-inducing ligand 
(TRAIL) or APO010 (MegaFas Ligand, [1]) is an elegant 
and rational strategy, since these regimens induce 
(partially) different routes to cell death. Depending on 
the type of malignancy, radiotherapy mainly reduces 
clonogenicity of tumor cells by inducing (irreversible) 
cell cycle arrest and non-apoptotic cell death and 
only partially by inducing (mitochondrion-mediated) 
apoptotic cell death. Therefore, a therapeutic window 
to reduce clonogenic survival of tumor cells exists 
by combining radiotherapy with death receptor 
agonists that specifically induce apoptosis - via both 
mitochondrion-dependent and –independent routes. 
The data presented in this thesis suggest that the 
combined treatment with radiotherapy and TRAIL 
(Chapter 2) holds clinical promise. We observed a 
strong combined effect, both in vitro and in vivo of 
the treatment in a p53 mutant, Bcl-2 overexpressing 
lymphoid malignancy (Jurkat-Bcl-2), which represented 
a clinically challenging situation. For APO010 (Chapter 
4), we observed a strong combined effect of the 
combination in vitro in a wide range of tumor cell 
lines tested (from both solid and hematolical origin). 
However, we encountered dose-limiting systemic 
toxicity of APO010 in the absence of a therapeutic 
effect of the combined treatment in vivo. 

Radiotherapy and TRAIL receptor agonists: prospects
The selective capacity of TRAIL to induce apoptosis 
in tumor cells, while sparing cancer cells [2, 3] has 
motivated extensive pre-clinical research efforts. At 
present, TRAIL and agonistic antibodies targeting TRAIL-
R1 and TRAIL-R2 have advanced to phase II clinical 
trials, and therefore toxicity of the monotreatment is 
now well established (reviewed in [4]). In addition, a 
number of phase I and II trials combining conventional 
chemotherapeutics and TRAIL receptor agonists have 
been completed, showing promising anti-tumor 
activity in a range of hematological and solid tumors, 
but reaching dose-limiting toxicity (reviewed in [4]). 
Phase I clinical studies combining radiotherapy and 
TRAIL receptor agonists have not yet been reported. 
Due to the local effect of radiotherapy on the tumor, 
the combined effect of radiotherapy and systemically 
administered death receptor agonists will only be 
reached at the tumor site. This potentially increases the 
therapeutic window when compared to systemically 
administered chemotherapeutics. 
The results presented in this thesis, using a p53-mutant, 
Bcl-2 overexpressing hematological malignancy 
- as a prototype of challenging clinical situation - 
demonstrated a clear combined effect in vivo, in the 
absence of systemic toxicity (Chapter 2). In addition, in 

xenograft models of (solid) breast tumors, combined 
treatment with radiotherapy and TRAIL [5, 6] or TRAIL 
receptor mAbs [7] also demonstrated anti-tumor 
efficacy, with differential importance for p53 in the 
observed combined effects. 
Collectively, these results indicate that combined 
treatment with TRAIL and radiotherapy is a promising 
strategy to pursue in a phase I clinical trial in the near 
future. 

Radiotherapy and TRAIL receptor agonists: which agonist 
to select in terms of efficacy and toxicity? 
Prior to a phase I clinical trial using radiotherapy and 
TRAIL receptor agonists, a careful decision must be made 
as to which TRAIL receptor agonist will be used. There 
are both advantages and disadvantages associated 
with the use different recombinant human (rh) TRAIL 
formulations or agonistic monoclonal antibodies 
(mAbs) targeting TRAIL-R1 or TRAIL-R2. Compared 
to TRAIL-R1 or TRAIL-R2 agonistic mAbs, untagged 
rhTRAIL (Genentech/Amgen) has a relatively short half-
life (~ 32 min) in cynomolgus monkeys [2], requiring 
repeated administration to maintain a therapeutic 
plasma concentration. Native TRAIL has been evaluated 
in a phase II clinical trial as monotreatment as well as 
in combination with rituximab (reviewed in [4]), but  
this TRAIL formulation may not achieve the highest 
therapeutic effects. Preclinical data (including our own, 
not shown) indicate that TRAIL cross-linking increases 
agonistic activity to many tumor cell lines, presumably 
by the ability to cross-link multiple receptors by 
the same molecule. Therefore, multimerized TRAIL 
formulations (e.g. isoleucine-zippered TRAIL [8]) may 
prove to be more effective in a clinical situation and 
their (pre-)clinical development should be further 
evaluated.    
As TRAIL targets both TRAIL-R1 and TRAIL-R2, one 
functional death receptor on tumor cells may suffice 
to respond to TRAIL treatment. The choice to use either 
TRAIL-R1 or TRAIL-R2 antibodies in patients should be 
carefully considered and to be used only to treat those 
tumors that have functional expression of the relevant 
death receptor. However, expression of TRAIL receptors 
per se does not imply tumor sensitivity to TRAIL, which 
makes it difficult to predict how tumor cells will respond 
to (combined) treatment. 
As there has not (yet) been a method reported that 
identifies whether tumor cells will be sensitive to 
TRAIL or to combined treatment with radiotherapy, we 
emphasize it would be most informative to test primary 
tumor material (both of hematological and solid origin) 
for treatment sensitivity ex vivo as an indication for 
tumor sensitivity (and patient selection) to combined 
treatment regimens.
Normal tissue toxicity has been investigated intensively 
for rhTRAIL and much less for the agonistic TRAIL 
receptor mAbs. TRAIL was shown to selectively kill 
tumor cells and leave normal cells unharmed. Therefore 
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toxicity accompanying TRAIL receptor antibody therapy 
should be carefully monitored in ongoing and future 
clinical trials. The mechanism, by which normal cells are 
protected from TRAIL-induced apoptosis, is not entirely 
understood, since TRAIL death receptors are expressed 
on a wide range of tumor types, but also normal tissue 
[9, 10]. It was postulated that TRAIL decoy receptors 
present on normal cells could prevent TRAIL-induced 
toxicity; however no correlation was found between 
the expression of decoy receptors and TRAIL sensitivity 
[11, 12]. 
Toxicity data of combined treatment with (conventional) 
chemotherapeutics and TRAIL receptor agonists from in 
vivo tumor models are mostly obtained by application 
of human TRAIL receptor agonists in mice. Since TRAIL 
shows a certain degree of species specificity (e.g. Figure 
2B Introduction, [3, 13]), these experimental approaches 
will be of limited predictive value for toxicity induced 
by the combined treatment in clinical trials. Therefore, 
we wanted to evaluate the feasibility and toxicity of 
combined treatment with radiotherapy and mouse 
TRAIL in mouse models of spontaneous tumorigenesis. 
However, almost all of the primary cell lines derived 
from these tumors (including breast, mesothelioma 
and lung) were resistant to apoptosis induction by 
either human or mouse TRAIL, even in combination 
with radiotherapy in vitro. Although the primary tumor 
may respond differently than its cell line derivatives, 
the lack of a batch of mouse TRAIL to be used in vivo at 
the time prevented us from initiating these studies. 
Toxicity data from TRAIL receptor agonist monotherapy 
(as well as combined treatment with a variety of 
(conventional) chemotherapeutics) is accumulating 
from ongoing and completed clinical trials. Although 
toxicity should be monitored carefully and continuously, 
additional TRAIL receptor agonist-mediated toxicity 
is expected to be limited (but can at present not be 
rationally predicted) in a combined setting with locally 
applied radiotherapy.  

Radiotherapy and TRAIL receptor agonists: potential 
limitations and solutions
One potential limitation of the combined treatment 
with radiotherapy and death ligands in the treatment 
of cancer is the elimination of metastases. Although 
an enhanced combined effect of the treatment is 
expected at the primary tumor site, this effect will not 
be manifest in metastasized tumors. 
Engaging the immune system in combination treatment 
with TRAIL and conventional therapy presents itself as 
an interesting option. The idea is that antigens derived 
from tumor cells killed by TRAIL can be presented to the 
immune system. Pre-clinical studies using anti-TRAIL 
receptor antibodies in combination with immuno-
stimulatory antibodies in mice showed promising 
therapeutic responses [14]. Here, professional antigen 
presenting cells (APCs) were boosted by anti-CD40 to 
endocytose and present antigens derived from tumor 

cells that had undergone apoptosis in response to 
anti-TRAIL receptor antibodies. Cytotoxic T-cells, in 
turn recognized tumor antigens, and (also aided by 
mAb to the costimulatory receptor CD137) eliminated 
tumor masses. In addition, immunological memory 
was formed and upon subsequent rechallenge, tumors 
were eliminated. As many tumors are resistant to TRAIL-
induced apoptosis, or present only self-antigens, this 
strategy may not always be successful. It has recently 
been documented that radiotherapy modulates the 
peptide repertoire of targeted (tumor) cells [15]. 
Therefore, radiotherapy could potentially induce a 
tumor-specific immune response by (1) specifically 
killing tumor cells, allowing for enhanced presentation 
of tumor-antigens, leading to an anti-tumor immune 
response that also eliminates metastases and (2) 
by inducing presentation of alternative peptides in 
irradiated tumor cells, which could evoke a stronger 
immune response to the primary tumor. This concept 
should be addressed in appropriate tumor models and 
be accompanied by careful monitoring for any signs of 
auto-immunity.

Radiotherapy and TRAIL receptor agonists: concluding 
remarks
Combined effects using radiotherapy and TRAIL in 
pre-clinical animal models are present in a range of 
hematological and solid tumor cell lines that also 
include a mutant p53 status and Bcl-2 overexpression. In 
addition, the first therapy responses of patients treated 
with TRAIL receptor agonists are also encouraging, with 
acceptable normal tissue toxicity. It will therefore be of 
interest to initiate a clinical trial combining TRAIL (or 
TRAIL receptor agonistic antibodies) with radiotherapy 
in the near future. These studies will also shed light 
on the tumor types that respond best to combined 
treatment that could in turn be (further) exploited 
to identify the molecular mechanisms underlying 
combined treatment responses. 

Radiotherapy and CD95/Fas agonists: efficacy, limitations 
and future prospects
Although CD95/Fas agonists have not been pursued 
for clinical development due to lethal hepatotoxicity 
in mice treated with anti-CD95 antibodies [16], 
APO010 has now entered a phase I clinical trial to test 
safety (ClinicalTrials.gov identifier: NCT00437736). We 
reasoned that there was a window of opportunity for 
us to test the combination of radiotherapy and APO010. 
As radiotherapy and APO010 had a strong combined 
effect in vitro, we expected to sensitize tumor cells by 
radiotherapy to such low doses of APO010 that normal 
tissue toxicity would be acceptable. However, in the 
model systems used, APO010 reached dose-limiting 
systemic toxicity in the absence of a therapeutic effect 
(Chapter 4). In an intraperitoneal (i.p.) ovarian tumor 
mouse xenotransplant model, a combined therapeutic 
effect with APO010 and cisplatin was observed, which 
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correlated with synergistic apoptosis induction in 
vitro [17]. In this study, APO010 was injected i.p. at the 
site of the tumor. Although the half-life of APO010 in 
plasma was short, it reached a maximum of ~80 ng/
ml within 2 h after i.p. injection [17]. It is therefore 
conceivable that the effective dose at the tumor site 
in that case was many fold higher than the IC50 for 
the same cells, as determined by in vitro apoptosis 
assays (5 ng/ml). In our case (Chapter 4), the tumors 
were implanted subcutaneously or intra-thoracically, 
while APO010 was applied i.p.. Possibly therefore, the 
APO010 concentrations reached within the tumor were 
lower than the concentrations that were effective in 
apoptosis-induction in the combined setting in vitro. 
Alternatively, CD95-triggering can induce a variety of 
cellular responses, as also indicated in the introduction, 
such as inflammation and NF-κB activation in both 
tumor cells and in cells in the (tumor) microenvironment. 
These alternative signaling pathways and cross-talk of 
tumor cells with stromal cells may greatly influence the 
anti-tumor effect of APO010. 
As the maximal tolerable dose of APO010 decreased 
from 15 µg/kg in rats to 5 µg/kg in monkeys (http://
www.nccr-oncology.ch/htdocs/Files/Newsletter_5%20
page%20par%20page-FINALE.pdf ), it could be 
expected that the dose-limiting toxicity in humans 
using systemically administered APO010 is even 
lower. Therefore, a combination with systemically 
administered APO010 is not likely to become a very 
promising therapeutic strategy. In soft tissue sarcomas, 
TNFα - which induces severe toxicity when applied 
systemically - is effective when applied regionally 
[18]. Therefore future studies should aim at assessing 
therapeutic efficacy of locoregionally applied 
APO010, either alone or in combination with radio-/
chemotherapy. 

Mechanisms underlying responses to combined 
modality treatment

In order to predict which patients would benefit from 
(and hence, be selected for) combined treatment with 
radiotherapy and death receptor agonists, it is essential 
to understand the molecular mechanisms underlying 
combined treatment responses. The data presented 
in this thesis indicate that downregulation of the anti-
apoptotic molecule c-FLIP is an important determinant 
in sensitization to death receptor-induced apoptosis, 
at least for CD95 (Chapter 5). Not only did (high doses) 
radiotherapy induce c-FLIP downregulation, a wide 
range of stimuli that were found to sensitize cells to 
CD95-mediated apoptosis also downregulated c-FLIP 
protein levels. Deliberate downregulation of c-FLIP 
sensitized tumor cells to CD95-mediated apoptosis and 
(consequently), the sensitizing effect by the different 
stimuli was largely abrogated. We do not imply that 
c-FLIP downregulation is the only mechanism by 

which tumor cells can be sensitized to death receptor 
agonists, but we and others have shown that it is clearly 
an important contributor. 
Patients with tumors that express high c-FLIP levels 
may not benefit from death receptor monotherapy in 
future clinical studies. This suggests that these patients 
specifically could be assigned to a treatment schedule 
in which death receptor agonists are combined with 
radio- and/or chemotherapy for optimal treatment 
responses. 

Similarities and differences for the role of c-FLIP in 
sensitization to either TRAIL receptor or CD95-mediated 
apoptosis
In a number of studies c-FLIP downregulation has 
been implicated in enhanced sensitivity to TRAIL-
induced apoptosis (e.g. colon carcinoma cells [19] 
or hepatocellular carcinoma [20]). However, as we 
demonstrated in Chapter 3 for an intermediate single 
dose of ionizing radiation (10 Gy) and published by 
others for cisplatin and doxorubicin [20], tumor cells 
were sensitized to TRAIL-induced apoptosis in the 
absence of c-FLIP downregulation. Common in all 
studies was the altered ratio of inducer caspases versus 
c-FLIP in the DISC, which could explain improved 
inducer caspase activation and subsequent apoptotic 
execution. We have also observed in Chapter 3 that 
etoposide could strongly sensitize Jurkat-Bcl-2 cells 
to TRAIL-induced apoptosis. As tested in Chapter 5, 
etoposide downregulated c-FLIP levels, and could have 
contributed to TRAIL sensitization to a large extent. The 
nature of the mechanisms by which low dose ionizing 
radiation sensitized Jurkat-Bcl-2 cells to TRAIL can 
only be speculated upon and should be addressed in 
future studies. These mechanisms may include altered 
receptor distribution at the plasma membrane (perhaps 
into ‘lipid rafts’), allowing for enhanced pro-apoptotic 
signalling. We have attempted to address this point by 
disturbing lipid rafts using β-methyl cyclodextrin in 
Jurkat-Bcl-2 cells (data not shown), but these results are 
difficult to interpret and still inconclusive, as β-methyl 
cyclodextrin induces a variety of cellular responses and 
showed toxicity to our cells in the concentration range 
used. Other potential mechanisms of radiation-induced 
TRAIL sensitization may include post-translational 
modifications of TRAIL-R1 [21], or TRAIL-R2 [11]. 
We are not the first to show that c-FLIP downregulation 
sensitized cells to CD95-mediated apoptosis; it has 
previously been documented for e.g. neuroblasoma 
cells [22], prostate carcinoma cells [23] and Hodgkin/
Reed-Sternberg cells [24]. Although c-FLIP can also 
augment Caspase-8 activation in the DISC [25, 26], 
we identified c-FLIP downregulation as a common 
mechanism by which a wide range of stimuli sensitized 
Jurkat-Bcl-2 cells to CD95-mediated apoptosis (Chapter 
5). This downregulation most likely allowed for 
enhanced activation of inducer caspases by an altered 
ratio of inducer caspases versus c-FLIP levels in the CD95 
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death inducing signaling complex (DISC). This in turn, 
allowed for the activation of effector caspases, without 
breaking mitochondrial resistance imposed by Bcl-2. 
The mechanisms of c-FLIP downregulation induced 
by the different stimuli are probably very different. 
For HDAC inhibitors and etoposide there is evidence 
that post-translational mechanisms affect c-FLIP levels 
(Chapter 5, [27]), whereas c-FLIP downregulation 
induced by proteasome inhibitors is most likely 
affected at the level of translation by impaired NF-κB 
signaling [28, 29]. 
In a pre-sensitization set-up, a dose of 10 Gy could 
efficiently sensitize Jurkat-Bcl-2 cells to TRAIL-induced 
apoptosis, in the absence of c-FLIP downregulation 
(Chapters 2 and 3). In the same set-up, a single dose 
of 10 Gy was not sufficient to sensitize Jurkat-Bcl-2 
cells to APO010-induced apoptosis (data not shown). 
However, a single high radiation dose of 30 Gy 
efficiently sensitized Jurkat-Bcl-2 cells to APO010-
induced apoptosis, which was strongly correlated 
with reduced c-FLIP levels, indicating that in Jurkat-
Bcl-2 cells, sensitization to CD95-mediated apoptosis 
relied stronger on c-FLIP downregulation than did 
sensitization to TRAIL-induced apoptosis. 
Collectively, these data suggest that c-FLIP 
downregulation can greatly facilitate both TRAIL 
receptor and CD95-mediated apoptosis. However, 
other mechanisms - that have to be better defined – 
can also contribute to sensitization to (particularly 
TRAIL) death receptor agonists. 

Regulation of TRAIL receptor membrane expression 
A requirement for tumor sensitivity to death receptor 
agonists is the expression of a functional death receptor 
on the tumor cell surface. During death receptor 
agonist therapy, it can be envisioned that tumor cells 
acquire therapy resistance by downregulating or 
inactivating death receptors. Therefore, understanding 
the regulation of death receptor expression at the cell 
surface may aid to design optimal treatment regimens 
for cancer patients receiving death receptor-based 
therapy. 
In Chapter 6, we have focused on the regulation of 
TRAIL death receptors and identified a mechanism 
by which TRAIL-R1 membrane levels are differentially 
regulated from those of TRAIL-R2. A number of E3 
ubiquitin ligases of the MARCH protein family targeted 
TRAIL-R1 at lysine 273, thereby reducing cell surface 
levels of TRAIL-R1. A number of MARCH proteins are 
ubiquitously expressed [30], but in particular MARCH 
1 transcript was found to be overexpressed in breast 
cancer (www.oncomine.org). 
Apoptosis signaling, death receptor trafficking and cell 
surface expression appear to be intimately linked. It is 

conceivable that MARCH overexpression (by mediating 
TRAIL-R1 downregulation) may confer TRAIL resistance. 
Future studies will have to elucidate whether (and how) 
overexpression of MARCH proteins impact on TRAIL 
sensitivity. Ideally this should be tested in a system 
which lacks TRAIL-R2 or by using agonistic antibodies 
to TRAIL-R1, since TRAIL can signal for apoptosis 
through both TRAIL-R1 and TRAIL-R2 and the impact of 
the MARCH proteins on TRAIL-R2 downregulation were 
much less pronounced. 
If a correlation can be found between MARCH 
overexpression and sensitivity to TRAIL receptor 
agonists, this could potentially be used either to 
rationally assign patients to death receptor therapy. 
Alternatively, studies could aim at improving the 
efficacy of death receptor therapy by interfering with 
MARCH protein expression. 

Concluding remarks

The research presented in this thesis provides 
new insights in the therapeutic potential and the 
underlying molecular mechanisms of improving the 
efficacy of radiotherapy with death receptor agonists. 
Radiotherapy and APO010 showed a strong combined 
effect on apoptosis induction and clonogenic survival 
in vitro, but APO010 could not enhance the anti-tumor 
effect of radiotherapy in vivo at doses approximating 
maximal tolerable levels. Radiotherapy and TRAIL 
however, showed good anti-tumor responses both in 
vitro and in vivo, without causing toxicity in the model 
system that we employed. We have identified c-FLIP 
downregulation as an important mechanism by which 
tumor cells are sensitized to CD95-mediated apoptosis, 
not only by ionizing radiation, but by a wide range of 
(stress) stimuli. In addition, we have identified a novel 
mechanism by which TRAIL-R1 membrane levels can be 
regulated. 
The results obtained in this thesis imply that the 
most promising clinical development in combining 
radiotherapy with death receptor agonists is the 
combination with radiotherapy and TRAIL (or possibly 
TRAIL-receptor agonists). These agents have entered 
phase II clinical trials as monotreatment and therefore 
toxicity in humans has well been assessed, and 
could therefore relatively safely be combined with 
radiotherapy. The underlying molecular mechanisms 
combined treatment efficacy could (1) provide a new 
basis for research in aiming to further improving the 
therapeutic efficacy of death receptor agonists and 
(2) aid in selecting those patients that are most likely 
to benefit from combined treatment in a therapeutic 
setting. 
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Summary

The success of radio- and/or chemotherapy in 
cancer treatment is limited by the small window 
of differential sensitivity between normal and 
tumor tissue, and the intrinsic or acquired 
radio- and/or chemoresistance of tumor cells. 
Both radio- and chemotherapy induce DNA-
damage and impair clonogenicity of tumor cells 
in various ways, including the induction of an 
irreversible cell-cycle arrest, death due to mitotic 
catastrophe, or the induction of programmed cell 
death (apoptosis). To improve the therapeutic 
outcome and limit normal tissue toxicity, a need 
exists for rationally designed drugs that induce 
cell death by different molecular mechanisms 
than those used by radio- and/or chemotherapy. 
Of interest for combined treatment are death 
receptor ligands such as tumor necrosis factor 
(TNF)-related apoptosis-inducing ligand (TRAIL) 
and CD95/Fas ligand. They induce apoptosis in a 
great variety of tumor cell types independent of 
the p53 status of the cell and by partially distinct 
routes (i.e. independent of the mitochondria) 
as compared to radio- and chemotherapy. 
In addition, TRAIL and CD95 death receptors 
can be upregulated in response to radio- and 
chemotherapy. Due to their partially different 
routes to cell death induction, it can be envisioned 
that combining radiotherapy with death ligands 
increases its therapeutic effect. 
In this thesis, we studied the therapeutic potential 
and underlying molecular mechanisms of 
combined modality treatment with conventional 
anti-cancer regimens (in particular radiotherapy) 
and death receptor ligands TRAIL and APO010 
(MegaFas Ligand). 
In Chapter 2 we investigated the feasibility of 
combined treatment with radiotherapy and 
a novel recombinant (isoleucine-zippered 
(IZ)) form of TRAIL in the p53-mutant human 
T-leukemic cell line Jurkat that overexpresses 
Bcl-2 (Jurkat-Bcl-2). We found in vitro both using 
short-term apoptosis assays and long-term 
clonogenic survival assays that radiotherapy 
and IZ-TRAIL had a clear combined cytotoxic 
effect. A combined therapeutic effect was also 
observed when Jurkat-Bcl-2 cells were grafted in 
immunodeficient mice. The doses of radiotherapy 
and IZ-TRAIL used in this study did not result in 
any local (liver) or systemic toxicity.

In Chapter 3 we described the molecular 
mechanisms underlying combined (apoptotic) 
responses to radiotherapy and IZ-TRAIL in 
Jurkat-Bcl-2 cells, which are Type II cells and 
largely reliant on a mitochondrial contribution 
to apoptosis induction by death ligands. We 
showed that after irradiation, Jurkat-Bcl-2 cells 
no longer required the mitochondrial pathway 
for apoptotic execution. This was not due to 
modulation of gene or protein expression of 
known apoptosis regulators. Rather, we found 
that pretreatment of cell with ionizing radiation 
strongly improved the capacity of ligand-bound 
receptor complexes to recruit FADD and activate 
inducer caspases in the TRAIL death-inducing 
signaling complex (DISC).
We next tested the feasibility of combination 
treatment with radiotherapy and APO010 in 
Jurkat-Bcl-2 cells and variety of solid tumor cell 
lines (Chapter 4). We found that although APO010 
and radiation had a clear combined cytotoxic 
effect on Jurkat-Bcl-2 cells and solid tumor cells 
in vitro, a combined therapeutic effect was not 
observed when these cells were grafted in mice. 
APO010 doses in this setting were approximating 
maximal tolerable levels and reversible systemic 
and liver toxicity was observed. 
To investigate whether a common molecular 
mechanism was underlying combined responses 
to conventional anti-cancer regimens and death 
receptor stimulation in Jurkat-Bcl-2 cells, we 
studied the mechanism underlying enhanced 
responses to APO010 in Chapter 5. Similar to the 
results described in Chapter 3, we found that, in 
response to a variety of stimuli, Jurkat-Bcl-2 cells 
were conditioned in such a way that APO010 
stimulation allowed for the activation of effector 
caspases in the absence of a mitochondrial 
contribution. In contrast to unchanged c-FLIP 
levels that we observed in Chapter 3, we here 
found that APO010 sensitivity was strongly 
correlated with the ability of all sensitizers tested 
to downregulate c-FLIP protein levels. We found 
that preventing c-FLIP protein downregulation 
restored resistance to APO010 and that by 
deliberate downregulation of c-FLIP by RNA 
interference cells were similarly sensitized to 
APO010. Consequently, the capability of the 
sensitizers to increment apoptotic execution in 
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c-FLIP ‘knock-down’ cells was largely overruled.
In Chapter 6 we show that internalization of 
TRAIL death receptors was not required for TRAIL-
induced apoptosis. In addition, we found that 
cell surface expression of the two TRAIL death 
receptors, TRAIL-R1 and TRAIL-R2 are differentially 
regulated; whereas TRAIL-R1 membrane levels 
were affected by interfering with dynamin-
dependent internalization, TRAIL-R2 levels were 

not affected. We found that members of the 
MARCH protein family, which are E3 ubiquitin 
ligases, promoted downregulation of TRAIL-R1 
cell surface levels by targeting a distinct lysine 
residue in its cytoplasmic tail.  
The current status and future prospects of the 
results described in this thesis are discussed in 
Chapter 7.
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Cellen en celdood
Een levend wezen zoals de mens functioneert 
doordat alle organen in het menselijk lichaam 
goed op elkaar zijn afgestemd. Het uitvallen 
van een belangrijk orgaan, zoals de longen, kan 
leiden tot de dood. Elk orgaan is opgebouwd 
uit miljarden cellen. De cellen zijn van elkaar 
gescheiden door een celmembraan (Figuur 1), 
maar kunnen wel met elkaar communiceren. Zo 
zorgt de longcel ervoor dat zuurstof kan worden 
opgenomen door rode bloedlichaampjes en dat 
koolzuurgas kan worden uitgeademd. Als een 
longcel niet meer goed functioneert, moet deze 
worden opgeruimd en worden vervangen door 
een nieuwe, goed functionerende longcel. Het 
opruimen van oude cellen gebeurt bijna altijd via 
een mechanisme, dat geprogrammeerde celdood, 
ofwel apoptose wordt genoemd. Onder normale 
omstandigheden is er een perfecte balans tussen 
de hoeveelheid cellen die in apoptose gaat en de 
aanmaak van nieuwe cellen. 

Kanker
Kanker is een term die wordt gebruikt om 
kwaadaardige groei van lichaamseigen cellen te 
omschrijven. Kanker (ofwel een kwaadaardige  
tumor) kan ontstaan wanneer een defecte cel, 
die eigenlijk in apoptose moet gaan, dit niet doet. 
Vaak wordt dit veroorzaakt doordat het genetisch 
materiaal (DNA) in de cel zodanig is beschadigd, 
dat de cel niet meer reageert op signalen uit zijn 
omgeving om dood te gaan. Als deze cel zich 
vervolgens gaat vermenigvuldigen, ontstaat er 
een tumor; een grote hoeveelheid lichaamseigen 
cellen die niet meer normaal op signalen uit 
zijn omgeving reageert. De tumor, afhankelijk 
van waar deze zit (hersenen, longen, botten, 
etc...), kan de gezonde cellen in verdrukking 
brengen. Dit kan leiden tot het uitvallen van het 
betreffende orgaan en in het uiterste geval tot 
het overlijden van de patiënt.

Behandeling van kanker met radiotherapie
Kankerpatiënten worden vaak behandeld met 
chemotherapie of bestraling (=radiotherapie). 
Het zijn vooral de sneldelende cellen (zoals 

tumorcellen) die gevoelig zijn en dood zullen 
gaan, onder andere door apoptose. Wanneer 
een cel in apoptose gaat, worden zogenaamde 
‘caspases’ geactiveerd. Caspases zijn eiwitten* 
die zich in de cel bevinden en zorgen voor de 
uiteindelijke celdood (Figuur 1). Omdat ook 
normale sneldelende cellen (bijvoorbeeld de 
haarzakjes en darmcellen) gevoelig zijn voor 
chemotherapie en bestraling, hebben patiënten 
vaak last van bijwerkingen zoals kaalheid 
en darmproblemen. Het grote voordeel van 
radiotherapie vergeleken met chemotherapie 
is dat radiotherapie heel gericht op de tumor 
wordt toegediend. Zo kan bijvoorbeeld heel 
specifiek de longtumor bestraald worden en het 
normale, omliggende weefsel zoveel mogelijk 
worden gespaard.

Verbeteren van radiotherapie 
Helaas kan radiotherapie niet alle patiënten 
genezen. Daarom wordt er in het laboratorium 
intensief gezocht naar medicijnen om de 
effectiviteit van radiotherapie te verbeteren. 
Een nieuw en veelbelovend soort medicijn zijn 
zogenaamde ‘dood liganden’ (death ligands). 
Dit zijn eiwitten die heel gericht apoptose 
kunnen veroorzaken in tumorcellen. Doordat 
het werkingsmechanisme van radiotherapie 
en death ligands verschillend is (death ligands 
kunnen op een gedeeltelijk verschillende manier 
caspases activeren), kan de tumorcel op twee 
verschillende manieren doodgaan (Figuur 1). 
Hierdoor kan de effectiviteit van radiotherapie 
worden verhoogd. 

Nieuwe kankertherapieën: van kweekschaaltje tot 
patiënt
Voordat een nieuwe therapie op patiënten 
kan worden getest, moet een lange weg 
bewandeld worden. Eerst wordt in vitro (in 
een kweekschaaltje) gekeken of de nieuwe 
therapie tumorcellen kan doden. Vervolgens 
worden deze cellen onder de huid van muizen 
ingespoten en wordt de muis met de nieuwe 
therapie behandeld (=in vivo). Hier kan worden 
vastgesteld 1) of de nieuwe therapie effectief is 

*eiwitten: hier niet te verwarren met het witte gedeelte van de inhoud van een ei. Eiwitten (ofwel proteïnen) zijn een  
grote klasse van biologische moleculen. Insuline is bijvoorbeeld een belangrijk eiwit dat de suikerspiegel reguleert.
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in het doden van tumorcellen en 2) of de nieuwe 
therapie bijwerkingen veroorzaakt. Als blijkt dat 
de therapie effectief is en dat de bijwerkingen 
acceptabel zijn, dan zal de therapie in patiënten 
getest kunnen worden. 

Samenvatting proefschrift
In dit proefschrift hebben wij de zojuist 
beschreven weg gevolgd voor de combinatie 
van radiotherapie met de death ligands 
TRAIL en APO010. Tevens hebben we het 
werkingsmechanisme van de gecombineerde 
behandeling bestudeerd. 
Hoofdstuk 1 is een algemene inleiding; hier 
worden de meeste termen en processen die 
belangrijk zijn voor het begrijpen van de 
volgende hoofdstukken uitgelegd. 
In hoofdstuk 2 laten wij zien dat de combinatie 

van radiotherapie en TRAIL heel efficiënt 
tumorcellen kan doden. Dit, terwijl de tumor 
cellen bijna niet doodgaan door radiotherapie 
of TRAIL alleen. Dit effect hebben we zowel in 
vitro gezien, als in muizen waar we deze tumor 
hadden getransplanteerd. Ook belangrijk was 
dat deze therapie geen bijwerkingen vertoonde. 
Om te voorspellen welke patiënten baat zullen 
hebben van de combinatie radiotherapie en 
TRAIL, hebben we in hoofdstuk 3 het werkings 
mechanisme achterhaald. We vonden dat 
radiotherapie onze tumorcellen gevoeliger 
maakte voor apoptose inductie door TRAIL. 
Nadat de cellen waren behandeld met radio-
therapie, kon TRAIL veel efficiënter caspases 
activeren, dan dat TRAIL dit zonder  radio-
therapie kon doen.  
Een ander veelbelovend death ligand was 

Figuur 1. Apoptose; geprogrammeerde celdood. De cel is afgescheiden van de buitenwereld door de 
celmembraan. In de cel bevindt zich de celkern, waar het DNA is opgeslagen. Bestraling en chemotherapie 
beschadigen het DNA in de celkern. Dit kan onder andere leiden tot het ‘aanzetten’ van caspases; eiwitten die zich 
in de cel bevinden en de cel uiteindelijk doden. De in dit proefschrift beschreven death ligands TRAIL en APO010 
komen na toediening aan bij de buitenkant van de cel. Hier binden zij aan receptoren, die zich op de celmembraan 
bevinden. De activatie van deze receptoren leidt ook weer tot het aanzetten van caspases en celdood. FLIP, dat zich 
in de cel bevindt kan voorkomen dat caspases door de death receptors geactiveerd worden. 
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APO010. In hoofdstuk 4 hebben we naar het 
effect van de combinatie radiotherapie met 
APO010 gekeken in verschillende typen tumoren 
(een bloedkanker, een darmkanker en een 
mesothelioom, dat in de mens vaak veroorzaakt 
wordt door asbest). Ook hier vonden we in vitro 
een sterk gecombineerd effect: radiotherapie 
en APO010 werkten samen veel beter dan 
elke therapie apart. Echter, we vonden geen 
gecombineerd effect van de therapie in vivo. 
Radiotherapie vertraagde de tumorgroei, maar 
APO010 voegde hier niets aan toe. Doordat de 
dosis APO010 die we aan de muizen toediende 
al bijwerkingen vertoonde, kon de dosis APO010 
ook niet worden verhoogd. 
Om het werkingsmechanisme van TRAIL en 
APO010 te vergelijken, hebben we in hoofdstuk 
5 in eerste instantie gekeken hoe radiotherapie 
cellen gevoeliger maakte voor APO010. Ook hier 
hebben we gevonden dat de caspases beter 
geactiveerd werden door APO010 na bestraling. 
Maar in dit geval zagen we een sterke correlatie 
tussen gevoeligheid van de tumorcellen voor 
APO010 en het afnemen van FLIP. Ook FLIP is een 
eiwit dat zich in de cel bevindt. Wanneer FLIP in 
hoge concentraties aanwezig is, voorkomt het de 
activatie van caspases door death ligands (Figuur 
1). Wij hebben ontdekt dat dit mechanisme 
niet alleen geldt voor radiotherapie, maar dat 
ook bijvoorbeeld chemotherapie en UV licht 
cellen gevoelig maakte voor APO010 door de 
hoeveelheid FLIP in cel te verminderen. 
Als laatste hebben we in hoofdstuk 6 gekeken 
naar de regulatie van TRAIL receptoren. TRAIL 
induceert apoptose door aan deze receptoren, 
die zich op het celoppervlak bevinden, te 
binden. Deze binding zorgt er uiteindelijk 

voor dat de caspases geactiveerd worden en 
dat de cel doodgaat (Figuur 1). Als er dus geen 
TRAIL receptoren op het celoppervlak van de 
tumorcellen zitten, dan kunnen ze ook niet 
door TRAIL in apoptose gaan. TRAIL kan via 2 
verschillende receptoren apoptose induceren 
(TRAIL- receptor (R)1, en TRAIL-R2). Wij hebben 
een verschil gevonden in de manier waarop 
TRAIL-R1 en TRAIL-R2 worden gereguleerd. Een 
nieuwe familie van eiwitten (de zogenaamde 
MARCH familie) kan ervoor zorgen dat TRAIL-R1 
van het celoppervlak verdwijnt, terwijl dit niet 
het geval is voor TRAIL-R2. 
In hoofdstuk 7 worden de resultaten die in dit 
proefschrift beschreven staan bediscussieerd. 

Tenslotte: Hoe kunnen de resultaten uit dit 
proefschrift bijdragen aan een betere behandeling 
voor kankerpatiënten? 
Ons doel was te onderzoeken of de effectiviteit 
van radiotherapie in de behandeling van 
kanker verbeterd zou kunnen worden door dit 
te combineren met death ligands. Vooral de 
resultaten die verkregen zijn met de combinatie 
radiotherapie en TRAIL zijn veelbelovend. In 
muismodellen zagen we een goede respons van 
de tumor, terwijl er geen normale weefselschade 
was. Dit kan leiden tot het opzetten van een 
klinische studie waar de effectiviteit van deze 
combinatiebehandeling wordt geëvalueerd. 
Ten tweede hebben we een beter beeld gekregen 
waarom tumor cellen dood gaan na behandeling 
door bestraling en death ligands. Deze kennis 
kan in de toekomst helpen  voorspellen welke 
patiënten baat zullen hebben van de nieuwe 
therapie en welke patiënten niet.
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