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ABsTRACT

The emergence during evolution of two tumour necrosis factor (TNF)-related apoptosis-

inducing ligand (TRAIL) receptors, receptor-1/DR4 and -2/DR5, able to induce apoptosis 

has raised the question whether they differ in function and regulation, which is of key 

importance for selecting either DR4 or DR5 selective pro-apoptotic agents for cancer 

treatment. In this review we found practically no information regarding possible 

differences in DR4 and DR5 function based on structural differences. On the other hand, a 

panel of different DR4 or DR5 selective pro-apoptotic agonists have been developed that 

were explored for efficacy in different tumour types in a large number of studies. Leukemic 

cells appear mainly sensitive for DR4-induced apoptosis, contrasting the situation in 

other tumour types that show heterogeneity in receptor preference and, in some cases, 

a slight overall preference for DR5. Both receptors were found to mediate intracellular 

stress-induced apoptosis, although this is most frequently reported for DR5. Interestingly, 

DR5 was also found to transmit non-apoptotic signalling in resistant tumour cells and 

recently nuclear localization and a role in microRNA maturation has been described. DR4 

expression is most heavily regulated by promoter methylation, intracellular trafficking 

and post-translational modifications. DR5 expression is predominantly regulated at the 

transcriptional level, which may reflect its ability to respond to cellular stressors. It will be 

important to further increase our understanding of the mechanisms determining TRAIL 

receptor preference in order to select the appropriate TRAIL receptor selective agonists 

for therapy, and to develop novel strategies to enhance apoptosis activation in tumours.
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Simil aritieS and differenceS bet ween dr4 and dr5

1.  InTRoduCTIon

Cancer is one of the leading causes of death in the world. The main treatment strategy 

of cancer consists of surgical resection in combination with radiation and chemotherapy. 

More recently, alternative strategies have been developed that directly target molecular 

mechanisms in tumour cells, such as the activation of apoptosis. Tumour necrosis 

factor (TNF)-related apoptosis inducing ligand (TRAIL) is an important representative of 

biological anti-cancer agents that selectively induce apoptosis in a variety of tumour cells 

[1]. In humans, TRAIL acts mainly through two receptors, TRAIL-receptor-1 (R1) and -2 (R2), 

also known as death receptor 4 (DR4) and 5 (DR5), respectively. These receptors reside 

in the cell membrane and are able to initiate the extrinsic apoptotic or death receptor 

pathway. This apoptotic route principally does not require the presence of functional p53 

implicating a possible broader anti-tumour activity than DNA damaging therapeutics. 

Additional TRAIL receptors have been identified, Decoy Receptor 1 (DcR1 or TRAIL-R3) 

and 2 (DcR2 or TRAIL-R4) and soluble receptor osteoprotegerin (OPG). However, these 

receptors do not transduce death-inducing signals. Intriguingly, humans and chimpanzees 

have two functional death-inducing TRAIL receptors, whereas rodents have only one 

receptor [1]. These findings raise the question why during evolution two different death-

inducing TRAIL receptors have arisen. A likely explanation is that the receptors differ in 

signalling ability and functional outcome. In this review we address this possibility by 

providing an overview of studies that have reported receptor dominance and differences 

in signalling ability between DR4 and DR5 in cancer cells. The underlying molecular causes 

that contribute to differential regulation of DR4 and DR5 and DR preference are examined. 

The implications of receptor preference for the application of therapeutic molecules that 

selectively target one of the TRAIL receptors are briefly discussed.

2.  TRAIL sIGnALLInG
2.1 TRAIL

TRAIL, also known as Apo2 ligand (Apo2L), is a member of the TNF superfamily and 

displays high sequence homology in the apoptosis-inducing C-terminal region with other 

TNF family members, such as Fas and TNF. TRAIL is a cytokine that plays a physiological 

role in the immune system, including anti-tumour immune surveillance [1]. TRAIL is 

expressed as a type-II transmembrane glycoprotein and can be proteolytically cleaved 

at the stalk domain to give rise to soluble TRAIL. Crystallographic studies revealed that 

TRAIL forms a homotrimeric subunit that is stabilized by a zinc ion, which is essential for 

optimal biological activity [2].

2.2 TRAIL-induced apoptosis

TRAIL-induced apoptosis is initiated upon binding of TRAIL to DR4 or DR5, leading to the 

formation of the death-inducing signalling complex (DISC) consisting of Fas-associated 
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death domain (FADD) and pro-caspase-8 and/or pro-caspase-10 [3]. The caspases are 

activated in the DISC by proteolytic cleavage that on their turn cleave the executioner 

caspases-3 and -7 leading to apoptosis [3]. This so-called extrinsic apoptotic pathway 

can cross activate the mitochondrial – or intrinsic – apoptotic pathway via caspase-8-

dependent cleavage of Bid. Truncated Bid (tBid) interacts with the pro-apoptotic Bcl-2 

family members Bax and Bak that form pores in the outer mitochondrial membrane 

resulting in the release of cytochrome c among other factors. Cytochrome c in the 

presence of dATP activates caspase-9 in a complex with Apaf-1, called the apoptosome, 

leading to cleavage and activation of caspase-3. Tumour cells have been categorized into 

type 1 or type 2 cells, in which TRAIL-induced apoptosis is independent or dependent, 

respectively, on mitochondrial amplification of the apoptotic signal [3].

2.3 TRAIL resistance

The activation of TRAIL receptors as a powerful anti-cancer strategy has been demonstrated 

in numerous pre-clinical and clinical studies [3,4]. However, around 50% of tumour cells 

appear resistant to TRAIL-induced apoptosis [5,6]. Resistance can occur at different levels 

in the apoptotic pathway. The surface expression levels of DR4 and DR5 can decrease as 

a result of mutations or methylation of the receptor gene promoters and, on the other 

hand, high expression levels of DcR1 and DcR2 can lead to inhibition of apoptosis activation 

[7]. At the DISC, cellular FLICE inhibitory protein (c-FLIP) can bind to FADD and prevent 

recruitment and cleavage of caspase-8 [7]. Moreover, mutations, epigenetic silencing, 

decreased stability and ubiquitination of caspase-8 levels can also render cells resistant 

to TRAIL-induced apoptosis [7]. In type 2 cells, inhibition of mitochondrial apoptosis by 

anti-apoptotic Bcl-2 family members, such as Bcl-2 and Bcl-XL causes TRAIL resistance. 

Furthermore, inhibitors of apoptosis proteins (IAPs) that are able to inhibit the functioning 

of caspases-9, -7 and -3 may hamper apoptosis induced by TRAIL [3].

3.  dIffeRenCes BeT ween dR4 And dR5
3.1 species specific differences

DR4 and DR5 are single-pass type-I membrane proteins and are encoded by two genes 

located on chromosome 8p [7]. Two splice variants of DR5 have been identified, named 

long DR5 (DR5(L)) and short DR5(S), that differ in a stretch of 29 amino acids located 

between the cysteine-rich domains (CRDs) and the transmembrane domain in the 

extracellular region (figure 1B). Whether the two DR5 isoforms are functionally different 

is currently unknown [8]. Recently, Picarda et al. identified a functional, short isoform of 

DR4 (bDR4) in Ewing’s sarcoma cell lines encoded by an alternative splice variant, which 

lacks 158 amino acids within the extracellular ligand-binding region (figure 1B). Ectopic 

overexpression of this alternative transcript sensitized resistant cells to rhTRAIL WT via 

currently unknown mechanisms [9].
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Simil aritieS and differenceS bet ween dr4 and dr5

TRAIL and its receptors have been identified in other species. Figure 1A shows a 

phylogenetic tree depicting the evolutionary relationships among the available sequences 

of apoptosis-inducing TRAIL receptors identified in various vertebrates. Human and frog 

(Xenopus laevis) DRs are most distinct, whereas human and chimpanzee DRs are closely 

related [1]. Unlike the name suggests, mouse DR5 (mDR5) is not an orthologue of human 

DR5 since it is almost equally homologous to human DR4 and DR5. Presently it is unclear 

why chimpanzees and humans have two apoptosis-inducing receptors, whereas the 

other vertebrates have only one DR. Apparently there is an evolutionary benefit or need 

for higher primates to have two DRs. Similar regions and domains can be distinguished 

in DRs from different species (figure 1B). In figures 1C and D multiple alignments of the 

amino acid sequences representing the extracellular and death domains (DDs) of DR4, 

Figure 1. Cross species comparison of TRAIL receptors. (A) Phylogenetic tree of the DRs in various species.

The phylogram was generated by making use of the phylogeny.fr website and using the Gblocks program [61].

Protein  sequences  were  obtained  from  the  Protein  Knowledgebase  (UniProtKB)  website.  (B)  Schematic

representation of the DRs from human and mouse depicting the different domains. The stretch of 29 amino acids

that distinguish DR5(L) from DR5(S), and the 158 amino acids that are truncated in DR4 to give rise to bDR4

are also indicated. (C) Sequence alignment of the extracellular domain and (D) the Death Domain of the DRs

from human and  mouse  by using the  Discovery studio  program.  The  grey blocks  indicate  fully  conserved

residues. Gene names and accession numbers of the TNF Receptor Superfamily (TNFRSF) members: human

TNFRSF10A (DR4) [O00220], human TNFRSF10B (DR5) [O14763], chimpanzee TNFRSF10A [H2QVW1],

chimpanzee  TNFRSF10B [K7DCC3],  mouse  TNFRSF10B (DR5)  [Q9QZM4],  rat  TNFRSF10B [B8YBG7],

chicken  TNFRSF10B  [Q9IAR7],  African  clawed  frog  TNFRSF10B-M1  [Q76B99]  and  TNFRSF10B-M2

[Q76B98].

3.2 Functional differences

Thus far only one study by Neumann et al. [10] addressed the question if particular subdomains in DR4 and DR5

can be attributed to different TRAIL apoptotic signalling properties. For this, they generated various receptor

chimeras containing DR-domains combined with parts from other TNF DR family members. Exchanging the

FAS DD with the DDs of DR4 and DR5 resulted in chimeras that were less efficient in transducing apoptosis in

comparison to the original Fas DD, thus identifying TRAIL receptor DD as weak apoptosis inducers.  Other

chimeras in which the transmembrane domain and the adjacent extracellular stalk regions of DR4 and DR5 were

fused to portions of FAS or TNFR1 showed strongest caspase-8 and caspase-3 activation by chimeras containing

the DR5-derived domain. No differences in ligand binding and internalization kinetics were observed for these

chimeras, thus providing no explanation for the differences in TRAIL signalling strength. It was speculated that

the presence of a S-palmitoylation site present in the transmembrane domain of DR4, but absent in DR5, may

favour the localization of DR4 in lipid rafts, leading to better responsiveness to the ligand. On the other hand a

figure 1. Cross species comparison of TRAIL receptors. (A) Phylogenetic tree of the DRs in various 
species. The phylogram was generated by making use of the phylogeny.fr website and using the Gblocks 
program [61]. Protein sequences were obtained from the Protein Knowledgebase (UniProtKB) website. 
(B) Schematic representation of the DRs from human and mouse depicting the different domains. The 
stretch of 29 amino acids that distinguish DR5(L) from DR5(S), and the 158 amino acids that are truncated 
in DR4 to give rise to bDR4 are also indicated. (C) Sequence alignment of the extracellular domain and 
(d) the Death Domain of the DRs from human and mouse by using the Discovery studio program. The 
grey blocks indicate fully conserved residues. Gene names and accession numbers of the TNF Receptor 
Superfamily (TNFRSF) members: human TNFRSF10A (DR4) [O00220], human TNFRSF10B (DR5) [O14763], 
chimpanzee TNFRSF10A [H2QVW1], chimpanzee TNFRSF10B [K7DCC3], mouse TNFRSF10B (DR5) 
[Q9QZM4], rat TNFRSF10B [B8YBG7], chicken TNFRSF10B [Q9IAR7], African clawed frog TNFRSF10B-M1 
[Q76B99] and TNFRSF10B-M2 [Q76B98].
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DR5(L), DR5(S) and mDR5 are displayed. The DDs of these receptors show a higher level 

of similarity than the extracellular domains. Since DR4 has only 46% and 48% sequence 

identity with DR5(L) and DR5(S), respectively, this is suggestive of differences in structure, 

function and regulation.

3.2 functional differences

Thus far only one study by Neumann et al. [10] addressed the question if particular 

subdomains in DR4 and DR5 can be attributed to different TRAIL apoptotic signalling 

properties. For this, they generated various receptor chimeras containing DR-domains 

combined with parts from other TNF DR family members. Exchanging the FAS DD with 

the DDs of DR4 and DR5 resulted in chimeras that were less efficient in transducing 

apoptosis in comparison to the original Fas DD, thus identifying TRAIL receptor DD as 

weak apoptosis inducers. Other chimeras in which the transmembrane domain and the 

adjacent extracellular stalk regions of DR4 and DR5 were fused to portions of FAS or 

TNFR1 showed strongest caspase-8 and caspase-3 activation by chimeras containing the 

DR5-derived domain. No differences in ligand binding and internalization kinetics were 

observed for these chimeras, thus providing no explanation for the differences in TRAIL 

signalling strength. It was speculated that the presence of a S-palmitoylation site present in 

the transmembrane domain of DR4, but absent in DR5, may favour the localization of DR4 

in lipid rafts, leading to better responsiveness to the ligand. On the other hand a GXXXG 

motif in DR5, but absent in DR4, may stabilize DR5 homodimerization and subsequent 

signalling. These notions were not investigated, but were proposed to have a regulatory 

function in DR signalling [10]. Of note, these human chimeras were tested in immortalized 

mouse fibroblasts and therefore caution should be taken by generalizing these findings, 

which may involve species- and cell type-dependent effects. In addition, the authors make 

use of cross-linked Flag-tagged recombinant human (rh)TRAIL, which has been reported 

to have different signal-inducing properties compared to non-tagged rhTRAIL [1,7].

4. TRAIL ReCePToR-seLeCTIve AGonIsTs

A considerable number of agonistic recombinant TRAIL variants and antibodies have been 

developed for research and/or therapeutic purposes. A short overview is provided below.

4.1 development of recombinant TRAIL and derived dR-selective variants

Soluble rhTRAIL is a version of TRAIL that comprises the extracellular region of human 

TRAIL (amino acids 114-281). RhTRAIL, or dulanermin, has been tested in phase I/II clinical 

trials showing some anti-tumour efficacy while side effects were generally mild [4]. A 

disadvantage of wild-type (WT) rhTRAIL is its tendency to bind all five TRAIL receptors, 

including decoy receptors that diminish apoptosis activation. In order to overcome this 

promiscuous behaviour, several groups have produced DR-specific TRAIL variants in 

order to improve anti-tumour efficacy by reducing DcR-binding (see also Table 1). The 
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crystal structure of rhTRAIL WT in complex with the extracellular part of DR5 is presently 

the only resolved TRAIL/TRAIL receptor structure [11].

The rhTRAIL-DR5 structure was used to generate homology models for DR4, DcR1, and 

DcR2 and allowed the generation of DR-selective variants [12-15]. Multiple DR4-selective 

TRAIL variants were generated, named rhTRAILD218H and rhTRAILD218Y [12], 4C7 and 4C9 

[13], and rhTRAIL-C3 [14], which displayed lowered affinities to DR5 and DcRs while having 

increased selectivity and affinity for DR4. Moreover, this translated into higher apoptosis-

inducing activity of the DR4-selective variants compared to rhTRAIL WT in tumour cell 

lines [12-14]. On the other hand, the DR5-selective TRAIL variant D269H/E195R showed 

enhanced activity in a subset of tumour cell lines compared to rhTRAIL WT [15,16]. Kelley 

et al. applied phage display technology to identify peptides with selectivity for either 

DR4 or DR5, and subsequently used these to generate Flag-tagged and untagged DR-

selective TRAIL variants. Some tumour cells were found to have higher sensitivity for the 

DR5-selective variant, and cross-linking of Flag-tagged ligand using anti-Flag antibody 

further enhanced apoptosis. However, TRAIL-resistant hepatocytes were also sensitive for 

cross-linked rhTRAIL WT or the DR5-selective variant rendering these variants unsuitable 

for further development [17]. Gasparian et al. designed two DR5-selective TRAIL variants, 

DR5-A and DR5-B, by selecting favourable mutations as identified previously by phage 

display technology [17] and by in silico modelling [15]. DR5-A and DR5-B showed improved 

selectivity to DR5, decreased affinity to DcR2 and OPG, and high biological activity in several 

tumour cell lines [18]. Of note and relevant for this review, all studies mentioned above 

reported that tumour cells showed preferences for either DR4- or DR5-induced apoptosis.

4.2 TRAIL receptor-selective antibodies

Agonistic monoclonal antibodies (mAbs) against DR4 or DR5 provide an alternative 

pro-apoptotic strategy and different classes have been produced; murine, chimeric, 

humanized and human mAbs. An advantage of mAbs is their longer half-life (days) 

compared to rhTRAIL (30-60 minutes) [4]. Consequently, lower doses of mAbs can be 

applied less frequently when compared to rhTRAIL. An overview of the developed DR4 

and DR5 agonistic mAbs and their use in preclinical and clinical studies is given in Table 1.

4.3 Mechanism of increased potency of TRAIL receptor-selective agonists

As mentioned, the developed TRAIL receptor agonists have increased affinity for either 

DR4 or DR5 and reduced binding to the other TRAIL receptors. This results in faster TRAIL 

receptor binding when compared to rhTRAIL as was shown by Reis and co-workers using 

surface plasmon resonance (SPR) assays [19]. More detailed molecular analysis of the 

TRAIL/TRAIL receptor interactions indicated that trimeric TRAIL (variant) binds first with 

high affinity to one TRAIL receptor molecule (DR4 or DR5) after which two additional 

receptor molecules are bound with lower affinity leading to trimeric receptor activation 

[19]. Furthermore, the formation of heterotrimeric TRAIL receptor complexes consisting 
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Table 1. Agonistic TRAIL variants and TRAIL receptor antibodies. Overview of the developed agonistic 
rhTRAIL variants and mAbs. TRAIL variants containing His- or Flag-tags are not included because of their 
toxicity to normal cells [1,7]. Some of the mAbs, such as 2E12 [62], tigatuzumab (CS-1008) [63] and LBY135 
[64], require cross-linking for obtaining maximal apoptosis-inducing potential. 

Target Reagent description Clinical status References

DR4/5 Dulanermin (rhApo2L/TRAIL, AMG 951) rhTRAIL WT (residues 114-281) Phase I/II [65]

DR4

2E12 Murine IgG1 mAb - [62]

4G7 Murine IgG2a mAb - [66]

4H6 Murine IgG1 mAb - [66]

DR4-A Murine IgG mAb - [23]

M270, M272 Murine IgG1 mAb - [67]

M271, M273 Murine IgG2a mAb - [67]

Mapatumumab (HGS-ETR1) Human IgG1 mAb Phase I/II [68]

rhTRAILG131R/R149I/S159R/N199R/K201H/S215D (4C7) rhTRAIL variant (residues 114-281) - [13]

rhTRAILG131R/R149I/S159R/S215D (4C9) rhTRAIL variant (residues 114-281) - [13]

rhTRAILG131R/N199R/K201H (rhTRAIL-C3) rhTRAIL variant (residues 114-281) - [14]

rhTRAILD218H rhTRAIL variant (residues 114-281) - [12]

rhTRAILD218Y rhTRAIL variant (residues 114-281) - [12]

DR5

Conatumumab (AMG 655) Human IgG1 mAb Phase I/II [69]

Drozitumab (Apomab) Human IgG1 mAb Phase I/II [70]

HGS-TR2J (KMTR2) Human IgG1 mAb Phase I [71]

LBY135 Chimeric IgG1 mAb Phase I [64]

LCR211 Murine IgG1 mAb - [64]

Lexatumumab (HGS-ETR2) Human IgG1 mAb Phase I [72]

M411 Murine IgG2b mAb - [67]

M412, M413 Murine IgG1 mAb - [67]

rhTRAILY189N/R191K/Q193R/H264R/I266L/D267Q/D269H (DR5-A) rhTRAIL variant (residues 114-281) - [18]

rhTRAILY189N/R191K/Q193R/H264R/I266L/D269H (DR5-B) rhTRAIL variant (residues 114-281) - [18]

rhTRAILY189Q/R191K/Q193R/H264R/I266L/D267Q (Apo2L.DR5-8) rhTRAIL variant (residues 96-281) - [17]

rhTRAILD269H/E195R rhTRAIL variant (residues 114-281) - [15]

Tigatuzumab (CS-1008) Humanized IgG1 mAb Phase I/II [63]

TRA-8 Murine IgG1 mAb - [73]

of DR4 or DR5 and DcRs were unable to transduce apoptotic signalling and were found 

to regulate the kinetics of the initiation of TRAIL-induced apoptosis [20]. Interestingly, 

stepwise computational modelling predicted that high affinity TRAIL agonists would be 

able to bypass the formation of heteromeric DR/DcR-complexes, which was confirmed 

experimentally by comparing the efficacy and kinetics of TRAIL-induced apoptosis 

activation between rhTRAIL WT and the DR5-selective TRAIL D269H/E195R variant [20]. 

Thus, the high affinity binding of TRAIL receptor-selective variants prevents the formation 
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of non-active TRAIL-heteromeric receptor complexes, which leads to faster and more 

potent activation of apoptosis in tumour cells [20].

5 dR-sPeCIfIC APoPTosIs ACTIvATIon In TuMouRs

A number of the above mentioned TRAIL receptor agonists have been extensively examined 

for anti-tumour efficacy in pre-clinical models and a few have also been applied in patients 

[3,21]. These studies provide a wealth of data for obtaining insight in possible DR4 or DR5 

dominance in specific tumour types. Below an overview is provided of reports in which 

different cancer types were tested for sensitivity towards DR4- and DR5-specific agonists.

5.1 Leukemic malignancies signal primarily via dR4

Single agent studies showed that leukemic cells appear to have a preference for DR4-

induced apoptosis activation, see Table 2 [12,14,22-24]. The acute T cell leukaemia cell line 

Jurkat seems an exception to this rule and mainly showed DR5-induced apoptosis that 

could be explained by a low DR4 and high DR5 membrane cell surface expression [18,24]. 

Acute myelogenous leukaemia (AML) and chronic myelogenous leukaemia (CML) cell 

lines treated with DR4-selective variants (rhTRAILD218H, rhTRAILD218Y or TRAIL-C3) were more 

effectively killed than cells treated with rhTRAIL WT or the DR5-selective D269H/E195R 

variant [12,14]. In addition, primary AML blasts displayed higher apoptotic levels when 

treated with TRAIL-C3 compared to rhTRAIL WT and sensitivity for both could be enhanced 

by blocking NF-κB signalling with the IκB kinase (IKK) inhibitor BMS-345541 [14]. Chronic 

lymphocytic leukaemia (CLL) cells also appeared mainly DR4-responsive [22-24]. Primary 

CLL cells and the I-83 CLL-like cell line were sensitive to mapatumumab but resistant to 

lexatumumab. Combined treatment with the chemotherapeutic fludarabine sensitized 

both primary and I-83 cells for DR4-mediated apoptosis though I-83 was also sensitized 

for lexatumumab. Sensitization by co-treatment with fludarabine was explained by the 

observation that DRs translocated to the lipid rafts [22]. In two other studies, primary 

CLL cells were found to be resistant for TRAIL receptor-selective agonists DR4-A, LBY135, 

mapatumumab and lexatumumab and could be sensitized predominantly via DR4 when 

pre-treated with the histone deacetylase inhibitors (HDACi) depsipeptide, LBH589, or 

sodium valproate [23,24]. The other haematological tumours, lymphoma and myeloma, 

showed heterogeneity in receptor preference, similar to most solid tumours (Table 2).

5.2 solid tumours display heterogeneity in TRAIL receptor preference

Table 2 summarizes reported DR4 and/or DR5 sensitivity in different solid tumour 

types. Breast, hepatocellular, neuroblastoma and ovarian cancer, were in most reports 

sensitive for DR5-dependent apoptosis in single agent studies [13,14,25-29]. In breast 

cancer cells, chemotherapeutic agents and the selective protein kinase C inhibitor 

bisindolylmaleimide (Bis) VIII sensitized cells for rhTRAIL WT, TRA-8 and cross-linked 

2E12. Combination of TRA-8 with Bis VIII or chemotherapy agents adriamycin or cisplatin 
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Cancer type Cell line or primary material dR preference * Model system References

haematological cancers

Leukaemia

Acute lymphoblastic 

leukaemia (ALL)
Jurkat DR5 In vitro

[18,23,24, 

72,74]

Acute myeloid leukaemia 

(AML)
HL60, ML-1, MOLM-13 DR4 In vitro [12,14]

Chronic lymphocytic 

leukaemia (CLL)
I-83, primary cells DR4 In vitro [22,23]

Chronic myeloid 

leukaemia (CML)
EM-2 DR4 In vitro [12,14]

Lymphoma

Anaplastic large cell 

lymphoma (ALCL)
SU-DHL1 DR5 In vitro [72]

Burkitt’s lymphoma
BJAB DR4 & DR5 In vitro [22]

Ramos DR4 In vitro [23,24,74,75]

Hodgkin lymphoma HD-LM-2 DR4 In vitro [72]

Lymphoma primary cells DR5 In vitro [72]

Mantle cell lymphoma 

(MCL)
Jeko1, SP53 DR4 In vitro [72] 

Non-hodgkin B-cell 

lymphoma
WSU-FSCCL DR5 In vitro, in vivo [76]

Myeloma

Karpas 620, KMM1, 

KMS12BM, KMS12PE, KMS18, 

L363, LP1, MDN, RPMI8226, 

U266

DR4 In vitro [77,78]

MM.1S, NAN6, NCI-H929, 

primary cells
DR5 In vitro [77,78]

solid cancers

Breast cancer MDA-MB-231, 2LMP DR5 In vitro, in vivo [25,26,28] 

Cervical cancer HeLa
DR4 In vitro [49]

DR5 In vitro [18,25]

Colorectal cancer

HCT15, CL-34, SW480, 

SW948
DR4 In vitro

[13,49,68, 

79,80]

Colo205
DR5 In vitro, in vivo [77,79,81]

DR4 & DR5 In vitro [13,82]

HCT116

DR4 In vitro [82]

DR5 In vitro [28,83]

DR4 & DR5 In vitro [79]

RKO DR4 & DR5 In vitro, in vivo [28]

Hepatocellular cancer
Hep3B, HepG2 DR5 In vitro, in vivo [28]

SNU449 DR4 & DR5 In vitro [28]

Table 2. TRAIL receptor preference in different tumour types. Overview of reported TRAIL sensitivity in cells 
representing different tumour types. Included are tumour types for which more than one report was available 
in literature, and those that used single agent rhTRAIL, agonistic DR4- and DR5-selective variants, that do not 
contain His- or Flag-tags, and mAbs. *Indicates the DR that primarily mediated apoptosis activation. DR4 & 
DR5: indicates studies showing roughly equal sensitivity to DR4- and DR5-induced apoptosis. 
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Cancer type Cell line or primary material dR preference * Model system References

Lung cancer
H460

DR4 In vitro [84]

DR5 In vitro [28]

H2122 DR5 In vitro [84]

Neuroblastoma
LAN-5 DR4 In vitro [27]

CHP-212, SH-EP, SK-N-AS DR5 In vitro [27]

Ovarian cancer
A2780, UL-3B, UL-3C DR5 In vitro [14,25,26]

primary cells, OVCAR-3 DR4 & DR5 In vitro [13,29]

Pancreatic cancer

BxPC3, Colo357, DanG, 

Panc-1, Panc89, Panc98, 

PancTu1, PaTu8902, primary 

cells (ULA), T3M4

DR4 In vitro [85,86]

ASPC1, MiaPaCa-2, 

PaTu8988s, PaTu8988t
DR5 In vitro [86]

PT45 DR4 & DR5 In vitro [85]

Pleural mesothelioma

H28, MST0-211H DR4 In vitro [87]

H2452, ZL5, ZL34 DR5 In vitro [87]

ZL55 DR4 & DR5 In vitro [87]

Prostate cancer
PC-3 DR5 In vitro [28]

DU145, LNCap DR4 & DR5 In vitro, in vivo [28]

increased activation of both the extrinsic and intrinsic apoptotic pathways. Similarly, 

chemotherapeutics were able to enhance cell death when combined with TRA-8 in 

astrocytoma, cervix, colon and ovarian cell lines [25]. Moreover, prolonged exposure of 

DR5-sensitive breast and ovarian cancer cell lines to TRA-8 resulted in resistant cells, and 

the DEAD-box RNA helicase protein DDX3 was identified to selectively bind to DR5 and 

block its DD function. TRA-8 resistance was overcome by combined treatment with Bis 

VIII, adriamycin, cisplatin or taxol that led to caspase-2-dependent cleavage of DDX3 [26]. 

Furthermore, ovarian cancer cell lines A2780, UL-3B and UL-3C were only or primarily DR5 

sensitive [14,25,26], whereas primary ovarian cancer cells and OVCAR-3 cells responded 

almost equally well to treatment with either DR4 or DR5 agonists [13,29]. In another study, 

sorafenib, a multi-kinase inhibitor, enhanced TRAIL-induced cell death in vitro via both 

DR4 and DR5 in a panel of solid tumour cell lines, such as breast and liver cancer cells 

[28]. Combined treatment with lexatumumab and sorafenib was also effective in reducing 

growth of breast, liver, colon and prostate cancer xenografts in mice. The sensitizing 

effect of sorafenib was suggested to involve inhibition of the Jak2-Stat3-Mcl1 axis, thus 

enhancing the intrinsic apoptotic route [28]. In neuroblastoma cells small-molecule IAP 

inhibitors synergistically enhanced mapatumumab- and lexatumumab-induced apoptosis 

by triggering the formation of a receptor-activating protein 1 (RIP1)/FADD/caspase-8 

Table 2. (Continued)
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complex. In this somewhat uncommon pro-apoptotic complex, RIP1 kinase activity was 

essential for complex formation since RIP1 inhibition or silencing abolished its formation 

and protected against TRAIL receptor agonists and IAP inhibitor-induced apoptosis [27]. 

On the other hand, cells representing cervical cancer, colorectal cancer, lung cancer, 

pancreatic cancer, pleural mesothelioma and prostate cancer showed no tendency for 

receptor preference. Of note, the activation of both DR4 and DR5 could be an advantage, 

since it was shown that combined exposure to DR4- and DR5-selective TRAIL variants 

in cells sensitive for both receptors was more potent for triggering apoptosis when 

compared to single agent treatment [13].

6 dIffeRenTIAL ReGuL ATIon of dR4 And dR5 sIGnALLInG

From the above it appears that certain cancer types have a DR preference for inducing 

apoptosis, whereas other tumour types do not or to a lesser extent. Although, the 

underlying molecular cause for DR4 or DR5 preference is currently poorly understood, 

differences in cell surface expression levels, post-translational modifications, DISC 

formation and downstream signalling have been reported. This is described in more 

detail below. 

6.1 TRAIL receptor transcription

An obvious cause of TRAIL receptor preference is the absence of one of the receptors. 

Chromosomal deletion of DR4 or DR5 encoding genes in cancer have been sparsely 

reported, whereas epigenetic silencing of particularly DR4 has been found more 

frequently as a cause of TRAIL resistance. DNA hypermethylation of the DR4 promoter 

was found in a proportion of ovarian cancers and the demethylating agent 5-aza-2’-

deoxycytidine (5-AZAdC) restored DR4 expression in A2780 cells, which express DR5, and 

resulted in TRAIL sensitivity [30]. In melanoma cells, 5-AZAdC was also able to restore 

DR4 expression and sensitivity [31] and similar observations were made in glioma cell lines 

[32]. MicroRNA (miR)-25-dependent silencing of DR4 was identified as a cause of TRAIL 

resistance in cholangiocarcinoma cells and inhibition of Hedgehog (Hh) signalling by 

cyclopamine was able to reduce miR-25 expression and sensitize for apoptosis [33].

Transcription factors also regulate the level of TRAIL receptors. Although initially 

increased DR5 transcription was linked to stress-induced apoptosis, both DR4 and DR5 

appeared to be regulated by stress-induced transcription factors, including p53, NF-κB, 

CHOP, FOXO3a and AP1 [3,34-36]. However, recent findings again point to DR5 as the 

dominant receptor in ER stress-induced apoptosis [37]. In this study, unmitigated ER stress 

resulted in activation of CHOP leading to increased DR5 transcription and induction of 

ligand-dependent DR5/FADD/caspase-8-mediated apoptosis. Other transcription factors 

have been reported to selectively regulate only one receptor. For example, cyclopamine-

dependent inhibition of Hh-GLI signalling was found to prevent GLI3-dependent repression 

of the DR4 promoter leading to enhanced DR4 expression in cholangiocarcinoma cells [38]. 
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Furthermore, the transcription factors specificity protein 1 (Sp1) and Yin Yang 1 (YY1) are 

specific regulators of DR5 transcription [39-48]. The stimulation of pathways that are able 

to modulate these transcription factors has been used as a strategy to sensitize tumour 

cells for TRAIL. For example, bile acids and the natural compounds butein and piceatannol 

were able to activate c-Jun N-terminal kinase (JNK) and the extracellular signal-regulated 

kinase (ERK) leading subsequently to Sp1 activation, enhanced DR5 levels and sensitization 

for TRAIL [39-41]. YY1 is a transcriptional repressor of DR5 and is regulated by NF-κB, and 

inhibition of NF-κB by several chemotherapeutic drugs [44], the Raf-1 kinase inhibitor 

protein (RKIP) [45], the proteasome inhibitor NPI-0052 [46] and anti-CD20 mAb Rituximab 

[48] enhanced TRAIL-induced apoptosis in cancer cells. Moreover, immunohistochemical 

staining of patient-derived lymphoma tissues demonstrated a negative correlation 

between the expression of DR5 and YY1, thus further indicating the importance of YY1 as a 

determinant of DR5 expression [48].

6.2 Intracellular trafficking

Cell surface expression of DR4 and DR5 is required for their proper functioning and 

intracellular trafficking mechanisms were found to play an important role for translocation 

of the receptors to the cell membrane.

Components of the signal recognition particle (SRP) SRP72 and SRP54, a complex that 

initiates the protein sorting process by targeting secretory and membrane proteins to the 

ER, were found to specifically regulate DR4 cell surface levels [49]. Down-regulation of 

SRP72 or SRP54 reduced DR4 levels and conferred significant protection against cell death 

induction by agonistic mAb DR4-A, but not DR5-A [49]. A splice variant of the adapter 

protein ArfGAP with RhoGAP domain, Ankyrin repeat and PH domain (ARAP1), a regulator 

of trafficking, which lacks exon 30 and is named ARAP1-CΔexon30, was found to bind 

conserved residues in the DR4 DD, and to a lesser degree to DR5. Depletion of ARAP1 

reduced primarily cell surface levels of DR4 and decelerated TRAIL-induced apoptosis 

in some cell lines [50]. The Golgi-specific Asp-His-His-Cys (DHHC) zinc finger protein 

(GODZ) that is also involved in membrane expression of proteins was found to increase 

cell surface localization of DR4 and subsequent TRAIL-induced apoptosis in hepatoma 

cells [51].

6.3 Post-translational modifications

Post-translational modifications of TRAIL receptors play an important role in regulating 

expression levels and TRAIL sensitivity in tumour cells. S-palmitoylation is a lipid 

modification of membrane proteins and palmitoylation of DR4 on the cysteine triplet 

(residues 261-263) positioned in the cytoplasmic portion near the transmembrane domain, 

which is absent in DR5, resulted in constitutive localization of DR4 in lipid rafts [52]. Lipid 

rafts are specialized membrane domains enriched in cholesterol and glycosphingolipids, 

which facilitated homo-oligomerization and subsequent TRAIL-mediated cell death [52]. 
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S-nitrosylation of DR4, the covalent coupling of a nitrogen monoxide (NO) group to a 

reactive cysteine thiol, was demonstrated in cancer cells treated with the nitric oxide-

donor nitrosylcobalamin (NO-Cbl), an analogue of vitamin B
12

 [53]. NO-Cbl-induced 

apoptosis in several tumour cell lines, by S-nitrosylation of C336 in the cytoplasmic domain 

of DR4 and subsequent caspase-8 activation and ectopic expression of a DR4 C336A mutant 

in tumour cells reduced TRAIL sensitivity [53]. O-glycosylation of both DR4 and DR5 was 

reported to enhance TRAIL sensitivity in tumour cells [5], whereas DR4 was found to be 

N-glycosylated [54]. N-glycosylation could be prevented by the induction of ER stress, 

however, the functional consequences of this modification on TRAIL sensitivity remained 

unexplored [54].

Furthermore, members of the membrane-associated RING-CH (MARCH) ubiquitin 

ligases family were found to particularly modify DR4, resulting in altered endosomal 

trafficking and down-regulation of DR4 cell surface levels [55]. MARCH-1 and -8 

ubiquitinated the conserved membrane-proximal lysine 273 and exogenous overexpression 

of MARCH-1 or -8 reduced TRAIL-induced apoptosis in breast cancer and melanoma cells 

[55]. MARCH-8 ubiquitination targeted DR4 for lysosomal degradation thus controlling 

steady-state levels of DR4.

6.4 dIsC formation and lipid rafts

The ability of the TRAIL receptors to recruit and assemble a functional DISC may also vary 

and result in receptor preference. For example, binding of DDX3 to DR5 was identified 

as a mechanism responsible for induced resistance to the DR5-selective agonist TRA-8 

in breast cancer cells [26]. Interestingly, these TRA-8 resistant cells remained sensitive 

to 2E12-mediated activation of DR4, suggesting that DDX3 binding was selective for 

DR5. In another study, DDX3 together in a complex with the glycogen synthase kinase 3 

(GSK3) and the cellular inhibitor of apoptosis protein-1 (cIAP1) were found to block DISC 

formation induced by four major DRs, DR4, DR5, FAS/CD95 and TNF, in breast cancer cells 

[56]. Inhibition of GSK3 or knockdown of DDX3 released this blockade and sensitized for 

DR5-induced apoptosis [56]. A more recent study showed that low expression of the DR5/

DDX3/cIAP-1 complex correlated with high TRA-8 sensitivity in a panel of breast cancer 

cell lines, although sensitivity to DR4-induced apoptosis was not examined [57]. 

As mentioned earlier, the localization of TRAIL receptors to lipid rafts has been 

associated with their ability to induce apoptosis. Treatment with the chemotherapeutic 

fludarabine resulted in translocation of DR4 to the lipid rafts together with FADD and 

caspase-8, but not c-FLIP and RIP, whereas the levels of DR5 in lipid rafts remained 

unchanged [22]. The localization of the receptors to lipid rafts also appeared to affect 

their ability to either transmit apoptotic or non-apoptotic signalling. In TRAIL resistant 

non-small cell lung cancer (NSCLC) cells that expressed higher levels of DR5 compared to 

DR4, non-apoptotic signalling was mediated by DR5/c-FLIP/RIP1 and knockdown of c-FLIP 

or RIP1 sensitized for TRAIL [58]. Interestingly, this was associated with redistribution of DR5 
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from the nonrafts to the lipid rafts suggesting that DISC assembly determines localization 

of DR5 in lipid rafts that is associated with apoptosis activation. In another study, TRAIL 

was able to induce migration and invasion of resistant NSCLC cells, which was mediated by 

DR5 and not DR4, and involved the RIP1/Src/STAT3 axis [59]. Another difference between 

DR4 and DR5 was recently discovered by Haselmann and co-workers, who found high 

levels of DR5 and only low levels of DR4 in the nucleus of different types of tumour cells 

[60]. Immunoprecipitation studies identified several nuclear proteins present in complex 

with DR5 and suggested the involvement of DR5 in the regulation of maturation of let-7 

miR family members, which are known for their role in development and cancer. Indeed, 

DR5 was shown to inhibit maturation of let-7 and to promote proliferation. Interestingly, 

endogenous TRAIL and interactions with membrane localized TRAIL receptors was not 

required for this DR5-mediated proliferative effect [60].

DDX3 released this blockade and sensitized for DR5-induced apoptosis [56]. A more recent study showed that

low expression of the DR5/DDX3/cIAP-1 complex correlated with high TRA-8 sensitivity in a panel of breast

cancer cell lines, although sensitivity to DR4-induced apoptosis was not examined [57]. 

As mentioned earlier, the localization of TRAIL receptors to lipid rafts has been associated with their ability to

induce apoptosis. Treatment with the chemotherapeutic fludarabine resulted in translocation of DR4 to the lipid

rafts  together with FADD and caspase-8, but not c-FLIP and RIP,  whereas the levels of DR5 in lipid rafts

remained unchanged [22]. The localization of the receptors to lipid rafts also appeared to affect their ability to

either transmit apoptotic or non-apoptotic signalling. In TRAIL resistant non-small cell lung cancer (NSCLC)

cells that expressed higher levels of DR5 compared to DR4, non-apoptotic signalling was mediated by DR5/c-

FLIP/RIP1 and knockdown of c-FLIP or RIP1 sensitized for TRAIL [58]. Interestingly, this was associated with

redistribution of DR5 from the nonrafts to the lipid rafts suggesting that DISC assembly determines localization

of DR5 in lipid rafts that is associated with apoptosis activation. In another study, TRAIL was able to induce

migration and invasion of resistant NSCLC cells, which was mediated by DR5 and not DR4, and involved the

RIP1/Src/STAT3 axis  [59]. Another difference between DR4 and DR5 was recently discovered by Haselmann

and co-workers, who found high levels of DR5 and only low levels of DR4 in the nucleus of different types of

tumour cells [60]. Immunoprecipitation studies identified several nuclear proteins present in complex with DR5

and suggested the involvement of DR5 in the regulation of maturation of let-7 miR family members, which are

known for their role in development and cancer. Indeed, DR5 was shown to inhibit maturation of let-7 and to

promote  proliferation.  Interestingly,  endogenous  TRAIL and  interactions  with  membrane  localized  TRAIL

receptors was not required for this DR5-mediated proliferative effect [60].

figure 2. differential regulation of dR4 and dR5 signalling. Overview of molecular mechanisms 
found to differentially regulate DR4 and DR5 expression and functioning. These include regulation at the 
transcription level, post-translational modifications, intracellular trafficking and localization to the cell 
membrane and DISC formation. Proteins and modifications that have an activating (green/light grey) or 
inhibitory (red/dark grey) effect on TRAIL-induced apoptosis, and proteins that induce non-canonical 
signalling (blue/black) are indicated.
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7.  ConCLudInG ReMARks

The development and use of DR4- or DR5-selective agents for cancer treatment has brought 

more attention to the question whether there are functional differences between the two 

receptors and whether there will be a preferred receptor to target. Here we tried to provide 

answers to these questions and noted that currently studies are lacking that have aimed to 

link differences in amino acid sequences and/or domains between DR4 and DR5 in relation 

to function. Most knowledge on receptor preference has been experimentally obtained 

by testing DR4- or DR5-selective agents in different tumour types in vitro. It appears that 

of the haematological cancers leukemic cells have a DR4 preference, whereas lymphoma 

and myeloma demonstrate heterogeneity in receptor preference, which is also mostly 

seen in solid tumours. However, although somewhat preliminary, breast, hepatocellular, 

neuroblastoma and ovarian cancer have an overall dominance for apoptosis activation via 

DR5. Presently, specific biomarkers to determine DR preference are lacking in the clinical 

setting, which hampers the selection of the optimal TRAIL receptor agonist for treatment. 

Therefore, in clinical practise it may be best to target both DR4 and DR5 with rhTRAIL WT 

despite its lower efficacy compared to the receptor selective agonists. Alternatively, DR4- 

and DR5-selective agents could be combined, although this would require clinical studies 

to determine the toxicity profile of such combined treatment.

The initial view that DR5 is involved in stress-induced apoptosis has been counteracted 

by studies showing also such responses to be mediated by DR4. However, more recently 

additional evidence has been provided that mainly DR5 is involved in ER stress-induced 

apoptosis and, moreover, in controlling the maturation of miRs in the nucleus. Therefore, 

the notion that DR5 is primarily more involved in stress-induced signalling appears to gain 

again more support. Although speculative, the deregulation of oncogenes and tumour 

suppressor genes in cancer cells leads to significant levels of cellular stress, which may 

explain increased sensitivity to DR5-targeting strategies. DR5 also appears also to be the 

preferred receptor for mediating non-apoptotic signals. Furthermore, DR4 preference 

is predominantly observed in leukaemia and may be indicative of DR4 playing a more 

dominant role in cells of the immune system.

Several mechanisms have been described to be involved in DR preference, including 

the regulation of DR levels by promoter methylation or transcription factors, intracellular 

trafficking of receptors, post-translational modifications and DISC-forming abilities. 

Overall, one may conclude that DR4 is more heavily regulated than DR5 at the level of 

promoter methylation, post-translational modification and cellular trafficking processes 

that determine cell surface expression of DR4. DR5 appears mostly regulated at the 

level of transcription, perhaps again pointing to sensitivity for signals coming from the 

microenvironment or intracellular stressors. These notions need further experimental 

back up and may reveal specific strategies to enhance DR expression levels and sensitize 

the pathway for TRAIL receptor targeting agents. 
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