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BACKGROUND AND INTRODUCTION

I. APOPTOSIS

Apoptosis and necrosis represent two major mutually different mechanisms of 

cell death 1. Necrosis is defined as uncontrolled process of cellular break-up executed 

as a consequence of massive and irreversible damage. Necrosis leads to the release of 

inflammatory cytokines 2. Apoptosis is controlled, to a certain degree reversible 

process of programmed cell disintegration that usually doesn’t induce inflammatory 

reaction. Although the understanding of detailed signaling pathways that execute 

apoptosis is incomplete, this process is controlled by numerous proteins and protein 

complexes that are activated by various triggers which induce sequential activation of 

effector mechanisms 3. 

Apoptosis is triggered through two major molecular pathways, designated as 

the inner/intrinsic/mitochondria-mediated and outer/extrinsic/receptor-mediated

pathway respectively 4-8. Both pathways converge to a final common pathway 

resulting in the cleavage of cell regulatory and structural molecules. Both apoptotic 

cascades are heavily interconnected, hence the distinction in two separate pathways of 

apoptosis is to a certain point simplistic. Apoptosis is an essential part of life for 

multicellular organisms important for proper embryonic development and 

maintenance of adult tissue homeostasis. The defect in apoptosis and in apoptotic 

regulatory mechanisms can result in various pathological states, including malignant 

transformation, or tumor progression. In transformed cells loss of sensitivity to 

apoptosis represents one of the key molecular mechanisms of resistance to 

chemo/immuno/radiotherapy 9. The understanding of apoptosis and its regulatory 
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mechanisms is essential for the understanding of pathogenesis of malignant disorders 

as well as the development of more effective therapies.
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a. Mitochondrial apoptotic pathway

The intrinsic apoptotic pathways are initiated inside the cell 7. The factors 

involved in the intrinsic apoptotic pathway induction are physical and chemical 

injuries (e.g. UV radiation, heat shock, osmotic shock, hypoxia), changed expression 

of cellular oncogenes and tumor suppressor genes (e.g. cMyc, cFos, p53, PTEN), 

disruption of cytoskeleton structures, DNA damage (e.g. mutagenic agents, 

cytostatics, antimetabolites), growth factors/cytokines deprivation, nucleotide/ATP 

deficiency and other stress factors. While the initial triggers of diverse intrinsic 

apoptotic pathways may differ substantially, all of them inevitably converge to the 

pivotal event, which is the mitochondrial outer membrane permeabilization 

(MOMP) 10. MOMP is associated with mitochondrial inner transmembrane potential 

dissipation (ΔΨm). Antiapoptotic Bcl-2 family members function to block MOMP, 

whereas various proapoptotic Bcl-2 members promote it 10-12. 

Figure i: Mitochondrial apoptotic pathway (legend in text)



xi

Subsequently, cytochrom c together with other proapoptotic molecules Apaf-1

(apoptotic protease-activating factor 1), Smac/DIABLO (second mitochondria derived 

activator of caspase / Direct IAP binding protein with low pI), AIF (apoptosis 

inducing factor), and endonuclease G are released to the cytoplasm from the disrupted 

mitochondria 13-18. Apaf-1, an adaptor protein, binds (in the presence of ATP/dATP) 

cytochrom c and procaspase 9 to form a multiprotein complex, referred to as the 

apoptosome 19-21. The proximity-induced cleavage of procaspase 9 in the assembled 

apoptosome results in the initiation of common effector apoptotic pathway with 

activation of procaspase 3 and subsequent activations of procaspases 6 and 7 22,23.  
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b. Receptor-mediated apoptotic pathway

Binding of a death ligand to the corresponding death receptor induces extrinsic, 

receptor-mediated pathway of programmed cell death. Death ligands are type II 

membrane glycoproteins that belong to the tumor necrosis factor (TNF) 

(super)family. TNF family of cytokines is involved in the control and manipulation of 

the immune system 24,25. Death ligands are physiologically either membrane-bound, or 

proteolytically cleaved (by specific metalloproteinases) into their respective soluble 

forms. TNF (ligand) family comprises several protein members including TNF

(TNFSF2, cachectin), Fas-ligand (TNFSF6, FasL, CD95 ligand, Apo1L), and TNF-

related apoptosis inducing ligand (TRAIL, TNFSF10, Apo2L). Receptors for TNF 

family ligands are type I membrane proteins that belong to the superfamily of TNF 

receptors (TNF-R) 26. Based on the ability to transduce death signal the TNF-R family 

can be divided into death receptors (DR) and decoy receptors (DcR). Highly 

conserved death domain (DD) motifs, responsible for conveying death signal, are part 

of the intracytoplasmic portion of death receptors. Death receptors include TNF-R1 

(TNFRSF1A), TNF-R2 (TNFRSF1B), Fas (TNFRSF6, Apo1, CD95), TRAIL-

R1/DR4 (TNFRSF10A, Apo2), and TRAIL-R2/DR5 (TNFRSF10B) 27-30. TNF 

receptor family members that lack a functional death domain (DD) and thus are unable 

to propagate apoptotic signal are called decoy (DcR) receptors. Membrane-bound 

decoy receptors include TRAIL-R3/DcR1 (TNFRSF10C), and TRAIL-R4/DcR2 

(TNFRSF10D). Soluble decoy receptors comprise DcR3 (TNFRSF6B), and 

osteoprotegerin (OPG, TNFRSF11B, TRAIL-R5) 31-34. For decoy receptors cannot 

activate apoptosis they compete for specific death ligands with corresponding death 

receptor. Proportion of death and decoy receptors on cell surface might be critical for 

http://www.genecards.org/cgi-bin/carddisp.pl?gene=TNFRSF1A&search=tnfr1
http://www.genecards.org/cgi-bin/carddisp.pl?gene=TNFRSF1A&search=tnfr1
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the sensitivity/resistance of the cells to apoptotic stimuli triggered by death ligand. 

Members of the TNF ligand family (i.e. TNF, FasL, and TRAIL) are arranged 

and function as homotrimers 35,36. A death ligand homotrimer binds to the trimer of 

corresponding TNF receptors. Higher-order receptor complexes might form as a result 

of conformational change caused by ligation-induced receptor trimerization. The 

receptor aggregation leads to the homophilic interaction of cytoplasmic death domains

(DD) between the receptors and adaptor proteins FADD (Fas associated death 

domain) or TRADD (TNF associated death domain). The adaptor proteins then

allow recruitment of procaspase 8 (FLICE) via homologous death effector domain 

(DED) motifs, which results in the assembly of a multiprotein complex called death 

inducing signaling complex (DISC) 37-39. In DISC procaspase 8 is autoactivated by 

so called proximity-induction mechanism. A substrate for activated caspase 8 is 

procaspase 3, which also represents a point of interconnection of extrinsic and intrinsic 

apoptotic pathways. 



xiv

Figure ii: Receptor-mediated apoptotic pathway (legend in text)
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c. Common apoptotic pathway

The final stages of apoptosis are characterized by typical morphological 

changes, such as DNA fragmentation, condensation of chromatin, proteolysis of 

structural proteins (laminin, actin, cytokeratin, fordrin), and cytoplasmic membrane 

alterations, including membrane blebbing with apoptotic bodies forming from the 

surface of the shrinking cell 40-44. In the course of apoptosis, phosphatidylserine is 

exposed from the inner to the outer leaflet of cytoplasmic membrane, which is 

recognized by phagocytes and leads to engulfment of apoptotic cell.

The executive phase of apoptosis is carried out by cysteine proteases called 

caspases (cysteine aspartic acid-specific proteases) 45,46. Caspases are synthesized as 

inactive procaspases (zymogens). Procaspases are activated by proteolytic cleavage. 

Caspases create a cascade (like hemostatic one), in which the upstream caspases 

cleave and activate downstream caspases. Caspases can be divided into two groups: 

enzymes that participate in apoptosis (caspases 2, 3, 6, 7, 8, 9, and 10), and enzymes 

that play role in cytokine processing and inflammation (caspases 1, 4, 5, 13, and 14). 

Apoptotic caspases can further be subdivided into initiator/apical caspases (2, 8, 9, and 

10) and effector caspases (3, 6, and 7). The initiator caspases are autoactivated during 

apoptosome or DISC formation during the initial phases of apoptosis by proximity-

induction mechanism, and are responsible for the activation of effector caspases 47-50. 

Effector caspases, in coordination with initiator caspases, proteolytically cleave the 

cell structural proteins, mediators and regulators of apoptosis, cellular DNA repair 

proteins and cell cycle-related proteins, which represents terminal, irreversible phase 

of apoptosis. Various enzymes that are involved in cellular disintegration are activated 

by caspases, such as CAD (caspase-activated DNAse), responsible for DNA 
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fragmentation, or gelsolin (actin depolymerizing enzyme), responsible for cell 

membrane blebbing 51-56. Caspases 3 and 7 can cleave and inactivate PARP 

(poly(ADP-ribose) polymerase), a DNA repair enzyme that is activated by DNA 

breaks and that catalyses the attachment of ADP-ribose polymers to acceptor proteins.

The PARP repair function is associated with cell ATP store depletion, which may 

result in switch from programmed cell death, apoptosis, to energy independent cell 

death, necrosis 57-60.
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d. Crosstalk

It has become evident that there is a crosstalk between the extrinsic (death 

receptors) and intrinsic (mitochondrial) apoptotic pathways. The best characterized 

connection from the extrinsic to the intrinsic pathway is mediated by the Bcl-2 family 

member Bid (BH3 interacting domain death agonist). Bid is first cleaved by active 

caspase 8 to yield truncated Bid (tBid). tBid then translocates to the mitochondrion 

where it binds and activates proapoptotic BH3-123 Bcl-2 members Bax and Bak. 

Hence, tBid crosstalk forms a proapoptotic mitochondrial amplification loop of the 

receptor-mediated apoptotic pathway 61-64. 

According to the need for tBid-mediated amplification of apoptotic signal 

mammalian cells can be distinguished into type I and type II cells. While in type I 

cells direct activation of caspase 3 by caspase 8 is sufficient, in type II cells the tBid-

mediated mitochondrion apoptotic signal amplification loop is indispensable for the

induction of apoptosis 62,65-67.

Besides tBid, both apoptotic cascades seem to crosstalk by means of additional 

molecules or pathways. Death receptors can trigger non-apoptotic signaling by 

recruiting adaptor molecules RIP (receptor interacting protein) or TRAF2 (TNF-

receptor associated factor2). These adaptors represent upstream components of 

signaling pathways that lead to activation of many protein kinases and/or transcription 

factors. 

The JNK (Jun N-terminal kinase) and NFB (Nuclear Factor kappa B) 

pathways represent important signaling pathways triggered by activated death 

receptors. In general, JNK pathway exerts proapoptotic, while NFB pathway

prosurvival functions 68-71. NFB activation suppresses apoptosis induced by TRAIL 
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at least in part by antagonizing JNK pathway 72-76. Translocation of NFB 

transcription factors to the nucleus induces transcription of NFB target genes, 

including important inhibitors of apoptosis, e.g. IAP(s) (inhibitor of apoptosis 

protein(s)) 77,78.

Apart from the above given examples of well-established extrinsic-to-intrinsic 

apoptotic crosstalk, there are additional important links between the apoptotic 

signaling pathways. p53 tumor suppressor, for example, not only binds directly to the 

mitochondrial membrane thereby impacting the intrinsic apoptotic pathway, but also 

enhances transcription of death receptors (namely TRAIL-R2/DR5), which increases 

susceptibility of the damaged cells to triggers of extrinsic apoptosis 79-81. Several other 

important transcription factors (e.g. cMyc, cFos, cJun etc.) appear to function in a 

similar way 82. Both radiotherapy and several anti-cancer agents (e.g. anthracyclin 

antibiotics, cisplatin, etoposide etc.) induce cell surface upregulation of death 

receptors indirectly, via the p53-mediated mechanism 83,84. Hence, combined treatment 

of tumor cells with chemo/radiotherapy and death ligands often results in cytotoxic 

synergy when compared with the killing effects of cytostatics or death ligands alone 85-

91. 
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e. Regulators of apoptosis

Several important molecules antagonize with the extrinsic apoptotic pathway. 

Decoy receptors compete with death receptors for death ligands, but lack functional 

death domains in their intracytoplasmic portion, which precludes recruitment of 

adaptor molecules TRADD/FADD and thereby transduction of the apoptotic signal. 

cFLIP (FLICE-inhibitory protein, FLICE= FADD-like interleukin-1-beta converting 

enzyme), a structural homolog of caspase 8 with enzymatically inactive pseudocaspase 

domain, acts as a dominant-negative competitive inhibitor of caspase-8 92-98. 

The intrinsic and common apoptotic pathways have a wide range of modulators 

as well. The Bcl-2 (B-cell lymphoma 2) family represents probably the most 

important and best characterized group of mitochondrial apoptosis regulators 99-103. 

The family can be divided into antiapoptotic and proapoptotic group. The proapoptotic

Bcl-2 proteins evolved as molecules corresponding to a plethora of stress stimuli from 

the environment or from within the cell, and their major role lies in conveying the 

stress stimuli into the apoptotic pathway.  The proapoptotic group can further be 

divided into subgroup of proteins that contain in their structure only one Bcl-2 

homology domain (Bcl-2 homology domain 3, BH3), called BH3-only proteins. BH3-

only proteins comprise large family of proapoptotic modulators: Bad, Bag, Bid, Bik, 

Bim, Bcl-xS, Puma, Noxa etc. They act either to activate multidomain Bax and Bak 

members or to interfere with the antiapoptotic Bcl-2 family (see later). Multidomain 

(BH-123) proteins Bax and Bak represent the latter, effector subgroup of Bcl-2 

proapoptotic molecules. Activated Bax/Bak proteins translocate from the cytoplasm to 

the mitochondrial outer membrane, oligomerize and by forming pores they precipitate 

MOMP, which leads to mitochondrial disruption and subsequent apoptosome 
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assembly. 

Antiapoptotic members of the Bcl-2 family inactivate proapoptotic Bcl-2 

proteins mainly via forming dimers with one another. The antiapoptotic Bcl-2 family 

consists of Bcl-2, Mcl-1, Bcl-xL, Bcl-w, Bcl-G, Boo/Diva, Bcl-B, Bcl-G etc. Bcl-2 

protein is a key antiapoptotic regulator. It constitutively associates with both the 

mitochondrial and endoplasmic reticulum (ER) membranes. 

Heat shock proteins (HSP(s)) constitute powerful modulators of both the 

mitochondrial and the receptor-mediated apoptotic cascades. HSPs represent a 

network of chaperone molecules, some of which are constitutively expressed but 

others rapidly induced in response to a variety of stress stimuli. HSPs serve to 

disaggregate, refold and renature misfolded or aggregated proteins, which protects 

cells from several forms of death, including apoptosis 104-107. In normal cells, the 

expression of most HSPs is low, but can be induced by stress due to misfolded or 

denatured proteins (e.g. heat shock, mutated proteins). Various members of HSPs 

family (Hsp70, Hsp90) are abundantly expressed in tumors, where they contribute to 

cancer cell survival by stabilizing diverse aberrant proteins with direct or indirect 

antiapoptotic activities. Hsp70 binds adaptor protein Apaf-1, which blocks the 

assembly of apoptosome. Hsp27 can successfully block Smac/DIABLO proapoptotic 

enhancer. Hsp90 takes active part in NFB signaling pathway 108-110.

Inhibitor of apoptosis proteins (IAP(s)) comprise a family of at least eight 

proteins (cIAP1, cIAP2, NAIP, XIAP, survivin, livin etc.) that function as caspase 

inhibitors thereby blocking the effector phases of apoptosis 111-116. In many in vitro

studies overexpression of IAPs correlated tightly with multi-resistant phenotype. IAPs 

are capable of both inhibiting the cleavage of procaspases and blocking the activated 

caspases. The inhibitor of IAPs, Smac/DIABLO, is released together with cytochrom c 
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from the mitochondrion during intrinsic apoptosis induction, which leads to 

enhancement of the death signal 117,118.

The ubiquitin/proteasome system comprises a large proteinase complex that 

is responsible for the turnover of various intracellular proteins. Many of the key 

regulators of apoptosis are substrates of proteasome, e.g. p53, NFB, Bcl-2 family 

members Bax, Bad etc. Hence, ubiquitin/proteasome belongs among indirect, yet 

extremely important players that interfere with various death signals 119-122.
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Figure iii: Interconnected proapoptotic and antiapoptotic pathways (legend in 

text)
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II. TRAIL

a. Introduction 

It is widely accepted paradigm that in transformed, unlike normal cells, even 

reversible damage can trigger and carry out programmed cell death. Huge body of 

evidence supports the fact that a great number of anti-cancer agents act via inducing 

the intrinsic apoptotic pathway(s) in malignant cells. Drug resistance in cancer then 

frequently is associated with the intrinsic apoptosis program deregulation, in particular 

mutations of p53 pathway. The extrinsic death cascade, however, often remains intact 

in such cells, and many cytostatic-resistant primary tumor cells or cell lines remain 

sensitive to death-ligand induced apoptosis. In addition to that, it has been reported 

that stimulation of death receptor pathways might render the drug-resistant cancer 

cells sensitive (=they can be resensitized) to cytostatics. Thus, the combined effect of 

triggering both, extrinsic and intrinsic, cell death cascades appears optimal to elicit the 

maximal therapeutic impact, even in multi-drug-resistant tumor cells 123-127. 
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b. Death ligands

Cytokines of the tumor necrosis factor (TNF) superfamily all belong to type II 

membrane glycoproteins with limited homology to TNF (overall homologies: 20%) 

in the extracellular region 128. TNF superfamily proteins regulate development and 

function of the immune system. They are involved in induction of cytokine secretion, 

upregulation of adhesion molecules, activation by antigens and co-stimulatory 

proteins. 

Induction of cell death is another functional feature of some members of this 

cytokine family, called death ligands. The triad of the best-explored TNF family 

death ligands comprises TNF (tumor necrosis factor-alpha), FasL (Fas ligand), 

and TRAIL/Apo2L (tumor necrosis factor (TNF)-related apoptosis inducing 

ligand, Apo2 ligand).
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c. TNF-related apoptosis-inducing ligand (TRAIL)

The TRAIL gene is located on chromosome 3 at position 3q26. The TRAIL 

monomer consists of 281 amino acids, with corresponding molecular weight of 32kD. 

TRAIL is structurally type II membrane glycoprotein, whose C-terminal extracellular 

domain shows clear homology to other TNF family members 35,129. Like FasL and 

TNF, the C-terminal extracellular region of TRAIL (amino acids 114-281) exhibits a 

homotrimeric subunit structure 36,130. Similarly to FasL, TRAIL appears to belong 

among essential natural killer (NK) cell and cytotoxic T-lymphocyte weaponry against 

transformed, virus-infected or otherwise defected cells 131-133. Membrane-bound 

TRAIL (mTRAIL) can be cleaved by specific metalloproteinases to yield trimeric

soluble form (sTRAIL). 

Both membrane-bound and soluble TRAIL induces extensive apoptosis in a 

plethora of tumor cell lines and primary cells, including hematologic malignancies 134. 

Direct anti-tumor activities of TRAIL probably represent main physiologic role of 

TRAIL in the context of more complex tumor immune-surveillance 135. Unlike FasL, 

TRAIL and its receptors are widely expressed in a variety of normal tissues, which are 

resistant to TRAIL-triggered programmed death 136,137. As a consequence, strong 

negative regulation of TRAIL-induced apoptosis can be anticipated in most normal 

cells 138. The TRAIL-induced tumor cell death is usually a result of the caspase-

dependent apoptotic process. Caspase 8 seems indispensable for TRAIL-induced 

apoptosis in most cell types, with only minor role, if any, remaining for caspase 10 37-

39,139-142. In addition to caspases 8 and 10, several studies have recently brought 

evidence for a potential role of another apical caspase, caspase 2, in TRAIL-induced 

signaling 143,144. Apart from triggering apoptosis, TRAIL has also been shown to be 
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able to induce necrotic death pathway 145-147. 

Consequently, much enthusiasm has been generated for TRAIL as a potential, 

highly specific and safe anti-cancer drug. TRAIL does not induces apoptosis of normal 

tissues 134,148-150. Despite considerable data about the safety of TRAIL it remains, 

however, anxiety over potential hepatotoxicity of TRAIL under specific conditions 

151,152. In sharp contrast, TRAIL is a most potent apoptosis inducer in a wide range of 

transformed cell lines and primary tumor cells, and is capable of in vivo inducing 

tumor regression of cancer xenotransplants in immunodeficient mice, including 

various myelo- and lymphoproliferative diseases 153-161. 
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d. Receptors for TRAIL

TRAIL can bind to five receptors, which represents the most complex receptor 

system for one ligand in a human body 162,163. Receptors for TRAIL include death 

(DR) receptors and decoy (DcR) receptors 27-30,33,34,164-166. The TRAIL-receptor 

genes are all located on chromosome 8, p21-22. Both membrane-bound and soluble 

forms of TRAIL function as homotrimers, which results in activation of a triplet of 

receptors. It has been shown that the level of TRAIL death receptor expression is an 

independent prognostic factor in patients with several types of malignancies 167-170.



xxviii

Figure ii: Receptor-mediated apoptotic pathway (legend in text)
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TRAIL-R1/DR4 and TRAIL-R2/DR5 can transduce death signals upon 

binding of TRAIL via receptor-adaptor (DR-FADD) homologous death domain (DD)

interaction at the intracytoplasmic receptor portion. Initiator procaspase 8 (and to 

much lesser extent procaspase 10) is then recruited to FADD through homophilic 

death effector domain (DED) interaction, as it was described for TNF 171-173. 

Receptor-adaptor-procaspase 8 proteins assemble multicomponent death inducing 

signaling complex (DISC). In the DISC, aggregated molecules of procaspase 8 

undergo proximity-induced autoactivation. The substrate for active DISC is 

procaspase 3. In type II cells, direct cleavage of procaspase 3 by DISC is sufficient for 

apoptotic signal propagation. In type I cells, caspase 8-mediated cleavage of 

proapoptotic Bid protein represents the indispensable mitochondrial amplification loop 

(see above). 

Besides triggering extrinsic apoptosis by activating caspase 8, ligation of 

TRAIL to its receptors, namely TRAIL-R1/DR4, TRAIL-R2/DR5 and TRAIL-

R4/DcR2, but not TRAIL-R3/DcR3, can activate other important signaling pathways, 

including the generally prosurvival NFB, and I3PK-PKB/Akt-mTOR pathways, 

and mostly proapoptotic JNK, and p38 stress kinase cascades 74,164,165,174-177. TRAIL 

triggers these pathways by promoting the association of a secondary signaling 

complex, subsequent to assembly of a primary, death-inducing signaling complex 

(DISC). The secondary complex retains the DISC components FADD and caspase-8, 

but recruits other molecules that are directly involved in kinase activation by TRAIL, 

namely RIP1 (receptor-interacting protein 1), TRAF2 (TNF receptor associated factor 

2), and NEMO/IKK (NFB essential modulator / inhibitor of kappa B kinase 

gamma) 178. These proteins play essential roles as upstream relay-proteins conveying 

signals from the TRAIL-activated receptors to downstream effector molecules. 
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According to recently published data, RIP1 plays essential role in activating both IB 

kinase (IKK, inhibitor of kappa B kinase) and JNK 179. Activation of IKK leads to IB 

phosphorylation, ubiquitination and degradation in proteasome, which induces the 

activation of NFB transcription factor, its translocation to the nucleus, and 

subsequent transactivation of NFB target genes. Activation of NFB pathway usually 

confers strong antiapoptotic, prosurvival effects on the cells. JNK leads to activation 

of transcription factor AP-1, and its effects on cell survival may be proapoptotic, as 

well as antiapoptotic, depending on cell type and circumstances 180-183. RIP1 has also 

been reported to be able to induce necrotic cell death under special conditions 184,185. 

TRAF2 plays little role in TRAIL-induced IKK activation, although it is required for 

TRAIL-mediated JNK activation 179,185-188.

TRAIL-R3/DcR1 lacks any intracellular part, and is tethered to the cell 

membrane via a glycosylphosphatidylinositol (GPI) anchor 34. TRAIL-R4/DcR2 has a 

truncated, non-functional death domain 189. Consequently, decoy receptors cannot

assemble DISC and do not convey the apoptotic signal upon binding of TRAIL. 

Osteoprotegerin (OPG), the last of the receptors for TRAIL, is a soluble dimer that 

can bind TRAIL at lower affinity 32. Decoy receptors (including OPG) thus act as 

competitive inhibitors of death receptors for TRAIL ligand binding. Depletion of 

TRAIL available for death receptor-mediated apoptosis is, however, not the unique 

mechanisms by which decoy receptors (but not OPG) are capable to block apoptosis. 

As it was mentioned earlier, trimeric TRAIL binds three monomeric chains of TRAIL 

receptor. The receptor trimer can, however, constitute of a homotrimer or a

heterotrimer. It has been experimentally proved that while TRAIL-R3/DcR1 prevents 

the assembly of the death-inducing signaling complex by titrating TRAIL within lipid 

rafts, TRAIL-R4/DcR2 is co-recruited with TRAIL-R2/DR5 within the DISC, where it 
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prevents caspase 8 activation . In addition, TRAIL-R4/DcR2 prevents TRAIL-R1/DR4 

recruitment within the TRAIL-R2/DR5 DISC 190. The level of death or decoy receptor 

expression doesn’t, however, always correlate with susceptibility of the cells to 

undergo TRAIL-induced apoptosis, suggesting other mechanisms controlling death 

ligand homeostasis. 

It has been shown that TRAIL receptors exist on cell surface in a preassembled 

form (as homo- or heterotrimers). Ligation of TRAIL then activates the self-associated 

receptor complexes. Such a pre-ligand receptor binding is possible due to pre-ligand 

assembly domains (PLADs) in the extracellular part of TRAIL receptors 191,192. Hence, 

PLADs might represent yet another powerful homeostatic mechanism orchestrating 

TRAIL-induced apoptosis 193. Last but not least, TRAIL-R4/DcR2 induced activation 

of prosurvival signaling pathways, namely NFB, has been reported as additional 

mechanism of possible death receptor-induced apoptosis suppression 165. 

Recently, two novel alternative splice variants of TRAIL have been detected in 

neoplastic and normal human cells. The transcripts lack either exon 3 (TRAIL) or 

exons 2 and 3 (TRAIL) 194. The reported alternative splicing of TRAIL might thus be 

involved in additional fine tuning of TRAIL-induced apoptosis, which would only 

further underscore the complexity of the TRAIL-receptor system. 
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e. Cytotoxic synergy of TRAIL and anti-cancer agents

Most chemotherapeutic agents used in the treatment of leukemia/lymphoma 

induce the mitochondrial proapoptotic pathway 195. Resistant phenotype then often is 

associated with deregulation of mitochondria homeostasis, for example overexpression 

of Bcl-2 antiapoptotic protein. TRAIL-induced apoptosis, however, depends on 

caspase 8 activation rather than on the disruption of mitochondrial integrity or p53 

mutation status 196,197. Consequently, TRAIL retains the capacity to kill many 

malignant cytostatic-resistant cells. Furthermore, a great number of studies have 

brought evidence for additive or even synergistic cytotoxic effect of TRAIL and a 

variety of established or experimental anti-cancer agents. In addition to that, combined 

treatment of TRAIL-resistant or chemotherapy-resistant tumor cells with TRAIL and 

chemotherapy often resulted in elimination of the resistant cells 83,83,86,90,198-220.

Thus, combining anti-cancer agents that act on different apoptotic pathways 

seems to be most promising anti-tumor therapeutic strategy.
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f. TRAIL: a novel therapeutic agent?

Convincing scientific body of evidence suggests TRAIL could prove efficient 

in the treatment of various neoplastic diseases, especially when used in combination 

with currently used anti-cancer agents and/or radiotherapy 83,86,90,199,200,200,201,201-208,208-

219,221-223. Alternatively, TRAIL could be used for ex vivo purging of leukemia cells 

before stem cell transplantation 224.

Several soluble recombinant forms of human TRAIL have been prepared up to 

now. A polyhistidine-tagged soluble form (His-TRAIL, amino acids 114-281), 

leucine zipper-linked TRAIL (LZ-TRAIL, amino acids 95-281), or rhTRAIL devoid 

of any additional foreign sequence (amino acids 114-281), respectively, have all 

shown substantial biologic activity in vitro and in vivo 134,148. Injection of any of the 

above given soluble forms of TRAIL did not reveal any toxicity in rodents or non-

human primates. The biologic half-live of soluble TRAIL given as an i.v. bolus to 

mice (10-15 mg/kg), rats (10 mg/kg), cynomolgus monkeys (1-50 mg/kg), and 

chimpanzees (1 and 5 mg/kg) was approximately 3 to 5 minutes in rodents, and 

approximately 23 to 31 minutes in nonhuman primates, indicating rapid elimination of 

TRAIL from the serum of all species studied 150. Phase I safety and pharmacokinetic 

study of recombinant TRAIL (Genentech, Amgen) in patients with advanced cancers

has clearly shown TRAIL is safe and well tolerated up to 15 mg/kg, given in the form 

of intravenous 60 minute infusion. Contribution of TRAIL to the standard treatment of 

advanced solid tumors and hematological malignancies will be evaluated in 

randomized trials in the upcoming years.
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g. Agonistic monoclonal antibodies against TRAIL death receptors, and 

experimental TRAIL-based gene therapy

Monoclonal antibodies against TRAIL death receptors represent an alternative 

to recombinant TRAIL protein. Antibodies mimic the proapoptotic activity of the 

natural TRAIL, and are biologically more stable 225-227. The drawback of the 

monoclonal antibodies is their monospecificity, because they engage only one of the 

two death receptors, when compared to bispecific rhTRAIL. On the other hand, it has 

been shown that monoclonal antibodies might exert apoptotic function even in some 

TRAIL-resistant cell lines 228. Besides the direct induction of apoptosis by F(ab)2 

fragment, monoclonal antibodies exert additional substantial cytotoxic effect on the 

target cells by their respective Fc fragment, in particular by activating complement 

cascade and recruiting cytotoxic T-cells. Phase I and II clinical trials are underway 

evaluating pharmacokinetics, safety and anti-cancer properties of anti-TRAIL-

R1/DR4 (HGS-ETR1/Mapatumumab) and anti-TRAIL-R2/DR5 (HGS-

ETR2/Lexatumumab), respectively, in a variety of malignancies, including advanced 

lymphoproliferative diseases 229 (http://www.hgsi.com/products/index.html).

TRAIL-based gene therapy represents another possible approach to the 

treatment of diverse malignancies 230-233.  TRAIL gene transfer strategy might target 

either malignant cells themselves, or potential non-malignant effector cells that would 

specifically kill tumor cells by producing secreted or membrane-bound forms of 

TRAIL. Extensive search is under way both for suitable vector type and for 

appropriate “carrier” cells that would specifically be attracted by and migrate to the 

tumor cells 234-243.

http://www.cambridgeantibody.com/html/partnering/our_partners/hgsi


xxxv

h. Mechanisms of tumor resistance to TRAIL

Unfortunately, not all malignant cells are sensitive to TRAIL-induced 

apoptosis. Numerous mechanisms of resistance to TRAIL have been reported up to the 

present. Somatic mutations of TRAIL-R1/DR4  and TRAIL-R2/DR5  genes may 

play a role in the pathogenesis of some non-Hodgkin´s lymphomas (NHLs), and the 

frequently observed loss of chromosome 8p21-22 in NHLs might be relevant to the 

death receptors 244. It is speculated that genes encoding TRAIL-R1/DR4  and TRAIL-

R2/DR5  act as dosage-dependent tumor suppressor genes, whose monoallelic deletion 

can impair TRAIL-induced apoptosis in B-cell lymphomas 245.  In other words, 

malfunction mutations of TRAIL death receptors might act in a dominant negative 

manner toward their respective normal (wild type) alleles. However, no mutation or 

loss of heterozygosity was found in chronic myeloid leukemia (CML) and 

myelodysplastic syndrome (MDS) patients, respectively 246. Overexpression of 

membrane decoy receptors (TRAIL-R3/DcR1 and/or TRAIL-R4/DcR2) has been 

correlated with resistance to TRAIL in acute myeloid leukemia and pancreatic cancer 

cells 247-250. The role of soluble osteoprotegerin for tumor cell survival remains 

largely elusive, but recent studies insinuate OPG might function as a paracrine 

survival factor for the tumor cells 31,251-253.

Disruption of DISC components, namely downregulation, loss-of-function 

mutation or increased turnover of apical caspase 8, and deregulation of adaptor protein 

FADD, respectively, have been reported responsible for constitutive or acquired 

TRAIL resistance of tumor cells 140,172,254-260.

Overexpression of cFLIP represents one of the best-characterized 

mechanisms associated with TRAIL and FasL resistant phenotypes 95,198,261-266. Thus, 
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targeting cFLIP expression might represent useful approach in restoring TRAIL 

sensitivity 93,267,268. 

Increased expression of antiapoptotic family proteins, IAPs (in particular 

XIAP) and HSPs (namely Hsp90), conferred TRAIL resistance to a wide range of 

malignant cells 110,201,221,269-271. Deregulation of Bcl-2 family members, especially 

enhanced transcription of Bcl-2, Bcl-xL, or Mcl-1, contributed to TRAIL-resistant 

phenotype in several tumor cell lines 

272-274.

TRAIL-resistance of tumor cells was frequently associated with deregulation 

of important cell signaling pathways, in particular with aberrant activation of 

prosurvival signaling pathways NFB and PI3K-PKB/Akt-mTOR

(phosphoinositol-3-kinase-protein kinase B/Akt-mammalian target of rapamycine), 

deregulation of stress-related kinase pathways, JNK and p38, or disruption of other 

essential kinases, e.g. PKC (protein kinase C), CKII (casein kinase II) etc. 

72,77,82,174,185,185,198,198,200,275-286. Susceptibility to TRAIL was correlated with the 

expression of key cellular transcription factors and oncogenes, namely Myc, Jun and 

others 98,287-289. A plethora of diverse molecules responsible for tumor cell TRAIL 

resistance have been reported up to the present, emphasizing that extreme complexity 

applies not only to TRAIL-induced apoptotic pathway, but also to the mechanisms that 

lead to its obliteration 290-301.
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III. SUMMARY

Advanced tumors, including leukemia, represent heterogeneous cell 

populations evolved from original malignant clones. Chemotherapy of leukemia is 

often associated with selection of drug-resistant cells followed by progression/relapse 

of the disease. Implementation of molecules that specifically target leukemia cells 

with minimal toxicity to normal tissues might significantly improve outcome of 

leukemia treatment. TRAIL belongs to the tumor necrosis factor (TNF) ligand family 

of cytokines. TRAIL triggers apoptosis in target cells via the receptor-mediated 

apoptotic pathway. Receptors for TRAIL can be divided into death receptors, TRAIL-

R1/DR4 , TRAIL-R2/DR5, and decoy receptors, TRAIL-R3/DcR1, TRAIL-R4/DcR2, 

osteoprotegerin/OPG/TRAIL-R5, based on their ability to transduce apoptotic signal. 

While normal tissues, including hematopoietic progenitor cells, are resistant to 

TRAIL-induced apoptosis, TRAIL induces programmed death in many tumor cell 

lines and primary cells. Various malignant cell lines and primary tumor cells, 

however, show resistance to TRAIL-induced apoptosis. TRAIL-resistance could 

represent important limitation for the potential TRAIL anti-tumor therapy. Combined 

in vitro application of TRAIL with other anti-cancer agents often increased sensitivity 

or overcame resistance of the tumor cells to the given chemotherapeutics or to TRAIL-

induced apoptosis. The combination of TRAIL and cytotoxic agents improved 

therapeutic outcome compared to TRAIL or cytotoxic agents alone in several 

preclinical studies in tumor xenotransplanted immunodeficient mice models. Despite 

the work that has been accomplished the therapeutic potential of interactions between 

TRAIL and a variety of established or experimental chemotherapeutical agents are still 

incompletely understood. Several molecular mechanisms responsible for TRAIL 
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resistance have been described up to now. Most of the studies, however, focused on 

constitutive TRAIL resistance in solid tumors. Molecular mechanisms responsible for 

acquired TRAIL resistance in hematological malignancies remain to the large extent 

elusive. 



xxxix

EXPERIMENTAL STUDY

1. AIMS OF THE STUDY

I. To identify molecular mechanisms responsible for acquired resistance of TRAIL-

sensitive HL60 leukemia cells to TRAIL-induced apoptosis following prolonged in 

vitro treatment with TRAIL.

IIa. To determine whether acquired TRAIL resistance of HL60 leukemia cells is 

associated with resistance to other cytotoxic agents, namely to other death ligands 

(TNF*) and to cytostatics currently used for the treatment of acute leukemia 

(cytarabine, idarubicin). 

IIb. To specify whether acquired resistance of HL60 leukemia cells to cytostatics 

(cytarabine, idarubicin) impacts sensitivity/resistance to TRAIL.

III. To measure and compare cytotoxic effects of a combined in vitro treatment using 

TRAIL and currently used anti-leukemia cytostatic agents, cytarabine and idarubicin, 

on proliferation and survival of HL60 leukemia cells.

* Fas ligand was not tested because HL60 leukemia cell line (despite expressing Fas) is FasL-

resistant302
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2. MATERIALS AND METHODS

Cell culture conditions, antibody staining, and TRAIL-induced apoptosis measurement

The extracellular domain of human TRAIL gene (coding for amino acids 95–

281) was isolated by RT-PCR from HPB T cell line, sequence-verified and subcloned 

into E. coli expression plasmid containing N-terminal His6 tag. His-TRAIL was 

expressed in E. coli BL-21 and purified by the sequential chromatography on TALON 

(Clontech, Palo Alto, CA, USA) and SPSepharose (Pharmacia, Peapack, NJ, USA). 

The purity of the recombinant His-TRAIL (Killer TRAIL, Alexis, San Diego, CA, 

USA) was determined by SDS-PAGE electrophoresis.

Cells were cultured in Iscove’s modified Dulbecco’s medium (Life 

Technologies, MD, USA) in the presence of 10% fetal bovine serum (FBS) in 37°C 

humidified atmosphere with 5% CO2. The expression of TRAIL receptors was 

measured by flow cytometry (FACS Calibur; Becton Dickinson, CA, USA) using anti-

TRAIL receptor antibodies (R&D systems, MN, USA) and corresponding secondary 

antibody (Jackson Immuno Research Laboratories, Inc., USA). TRAIL death receptors 

were blocked with rabbit polyclonal antibodies to TRAIL-R1/DR4 (B5/B4), TRAIL-

R2/DR5 (5CII) (Apronex Biotechnologies, Czech Republic). TRAIL decoy receptors 

were blocked with goat polyclonal antibodies (R&D systems, MN, USA). 

Apoptosis was analyzed by flow cytometry (FACS Calibur) using Annexin-V-

FITC staining (Apronex Biotechnologies, Czech Republic). The pharmacological 

blockage of apical caspases 8 and 10 was achieved by preincubation of the cells with 

caspase specific inhibitors Z-IETD-FMK, Z-AEVD-FMK, and Z-VAD-FMK at 

concentrations ranging from 0,64 to 80M (R&D systems, MN, USA).
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Establishment of TRAIL-resistant and cytostatic-resistant HL60 cells

Proportion of TRAIL resistant cells in the WT HL60 population was detected 

using limiting dilutions. Cells were distributed onto 96-well plates (10 to 500 cells per 

well) in medium containing TRAIL (20, 200, or 2000ng/mL). On day 30, the wells 

with proliferating cells were counted and the proportion of TRAIL-resistant cells was 

calculated.

TRAIL-resistant HL60 cell lines were derived by selective pressure of TRAIL 

(200ng/ml, Apronex Biotechnologies, Czech Republic). Cytostatic-resistant HL60 cell 

lines were selected by cultivating cells with increasing doses of idarubicin (Zavedos, 

Pharmacia, Italy, 2nM to 30nM) and cytarabine (Cytosar, Pharmacia&Upjohn, 

Belgium, 0.1M to 2mM). Proportion of TRAIL-resistant cells in the WT HL60 

population was detected by limiting dilution assay.

TRAIL-resistant HL60 cell clones were established as follows: HL60 cells 

were diluted (5 cells per 1 ml) and distributed onto 96-well plates (100l per well). 

Wells that contained a single HL60 cell were subject to further manipulation. In two 

weeks the cells of each well were split into 8 wells and exposed to increasing 

concentrations of TRAIL (4, 8, 15, 30, 50, 100, 200 ng/mL). The sensitivity to TRAIL 

was determined and TRAIL unexposed cells from TRAIL-resistant clones were 

subject to further analysis. 

RNA extraction, cDNA reverse transcription and real-time RT-PCR analysis

RNA was phenol/chlorophorm extracted from 106 cells homogenized in RNA-

blue (Top-Bio s.r.o., Czech Republic). RNA was reverse transcribed into cDNA using 
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RevertAidTM First Strand cDNA Synthesis Kit (Fermentas). Real-time PCR analysis 

was performed using IQTM5 multicolor real-time PCR detection system (Bio-Rad, 

USA).  The results were normalized to actin mRNA expression. Interassay variability 

showed that differences between actin expressions from each experiment were less 

than 0,5 cycles.

Measurement of Caspase 8 and 10 Activation in response to TRAIL and TNF

For induction of apoptosis, one million cells were incubated either with TRAIL 

200ng/ml or TNF 100ng/ml for 0, 1, 2, and 4 hours. Caspase 8 and 10 activation was 

measured by Caspase8/FLICE and Caspase10/FLICE fluorometric assays (R&D 

systems, MN, USA) according to the manufacturer’s protocol. Briefly, cells were 

washed with PBS, centrifuged and lysed in cell lysis buffer. After the addition of DTT 

(1mM final), 2x reaction buffer, and caspase specific fluorometric substance (IETD-

AFC or AEVD-AFC) the lysates were incubated at 37 °C. The fluorescence intensity 

was measured by Plate CHAMELEON fluorescence reader (Hidex, Finland) after the 

90 minutes incubation period.

Detection of NFB translocation

NFB RelA/p65 translocation was measured using TransAm™ ELISA-based 

NFB RelA/p65 activation assay (Active Motif, Belgium) according to the 

manufacturer’s instructions. Briefly, nuclear lysates were isolated at time 0, 20, 40, 60, 

90, 120 and 180 minutes after the exposure of cells to TRAIL (200ng/ml). Positive 

control for NFB RelA/p65 translocation assay, Jurkat nuclear lysate (Active Motif, 
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Belgium), was used to generate standard curve. The relative concentrations, relative 

units per milligram of total lysate protein, of HL60 cell lysates were extrapolated from 

the standard curve. The optical density of Jurkat nuclear lysate 5g/ml was assigned 

the value of 100 relative units.       

Xenotransplantations of HL60 cells into immunodeficient NOD/LtSz-Rag1null mice

NOD/LtSz-Rag1null female mice aged 8 to 12 weeks were 4Gy -irradiated on 

day 0. P1, P2, or WT HL60 cells (10 million in 300uL PBS) were injected into tail 

veins of the irradiated animals on day 1. Three groups of mice, six animals in each 

group, were xenotransplanted with WT HL60 cells, two cell lines of P1, and two cell 

lines of P2, respectively. The mice were daily observed and were sacrificed when 

developed hind-leg paralysis, or appeared severely sick. The cadavers were examined 

for macroscopic tumors. FITC-conjugated anti-human CD45 antibody was used to 

measure the extent of potential leukemic infiltration of murine tissues (bone marrow, 

liver, spleen, brain, tumors). HL60 cell lines re-established from the leukemic mice 

were further analyzed. 

Measurement of synergistic cytotoxic effects of TRAIL, cytarabine and idarubicin on 

TRAIL-sensitive WT HL60 cells

WT HL60 (1000 cells / well) were distributed onto 96-well plate, each well 

corresponding to one "leukemia unit". On day 1, several concentrations and/or 

combinations of TRAIL, idarubicin (IdaR), and cytarabine (AraC) were added to the 

“leukemia units”, in attempt to eradicate HL60 cells. Two 96-well plates were used for 
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each combination and/or concentration, thus representing one treatment strategy. Two 

approaches were taken to measure and compare the cytotoxic effects of different 

treatment strategies on the corresponding leukemia units. On day 8, twelve wells of 

each treatment strategy plates were analyzed by MTT (3-(4,5-dimethylthiazolyl-2)-

2,5-diphenyltetrazolium bromide) proliferation assay according to the manufacturer’s 

protocol. On day 30, the remaining leukemia units were examined under light 

microscope, and the leukemia units that contained proliferating cells were marked as 1 

(=progression/relapse of leukemia), while the units that lacked living cells were 

marked as 0 (=complete eradication of leukemia).
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3. RESULTS

a. Characterization of TRAIL-induced apoptosis of HL60 cells

HL60 promyelocytic leukemia cell line, WT HL60 cells, is highly sensitive to 

TRAIL-induced apoptosis (Fig.1a). Preincubation of the cells with anti-TRAIL 

blocking antibody completely abrogated TRAIL-induced apoptosis (Fig.1b).

Figure 1

Fig.1 (A) TRAIL induces apoptosis in WT HL60 cells. HL60 cells were exposed to the increasing 

doses of TRAIL (0,5-2000ng/mL). (B) Blockage of TRAIL with TRAIL-specific monoclonal antibody 

completely abrogated TRAIL-induced apoptosis of HL60 cells. Anti-TRAIL monoclonal antibody 

(50g/ml) was added to the cells 1 hour before exposure to TRAIL (200ng/ml). Level of apoptosis was 

analyzed by flow cytometry 24 hours after addition of TRAIL using FITC-conjugated Annexin-V 

assay. Data presented are means ± standard deviations of values of three independent experiments.
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Both TRAIL and TNF-induced apoptosis of HL60 cells is predominantly a 

caspase dependent process. Treatment with specific caspase inhibitors significantly

suppressed TRAIL or TNF-induced apoptosis in HL60 cells. However, in HL60 

cells, unlike other cell lines tested (data not shown), caspase inhibition did not result in 

complete abrogation of TRAIL or TNF-induced apoptosis (Fig.2). The data thus 

suggest TRAIL and TNF-induced death signaling might, at least partially, be 

mediated by caspase-independent apoptotic pathways. 

Figure 2

Fig.2 Caspase 8 inhibitor Z-IETD, caspase 10 inhibitor Z-AEVD and pan-caspase inhibitor Z-VAD-

FMK suppressed, but did not completely abrogate, TRAIL-induced (A) or TNF-induced (B) apoptosis 

of HL60 cells. Z-VAD-FMK at high concentrations increased numbers of TRAIL or TNF-induced

HL60 apoptotic cells by compound-specific mechanism. Caspase inhibitors (0.64, 3.2, 16 and 80uM) 

were added to HL60 cells 1 hour before addition of TRAIL (200ng/mL) or TNF (100ng/mL). Level of 

apoptosis was analyzed after 24 hours by flow cytometry using FITC-conjugated Annexin-V. Columns 

represent means, and error bars standard deviations of values of three independent experiments minus 

background (i.e. apoptosis induced by caspase inhibitor(s) only). "no caspase inhibition" line represents 

% of apoptotic cells induced by TRAIL (200ng/ml) or TNF (100ng/ml) minus background (i.e. 

spontaneous apoptosis).
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Incubation of HL60 cells with TRAIL for at least one hour seems critical for 

appropriate apoptosis induction, as shorter incubations significantly reduced, and 

longer incubations showed no difference in the overall HL60 apoptotic cell numbers 

(Fig.3).

Figure 3

Fig.3 Exposure to TRAIL for at least one hour is critical for triggering proper apoptotic response in WT 

HL60 cells. The cells were incubated with TRAIL (200ng/mL) for different time intervals (from 1 

minute to 24 hours). At the end of each interval the cells were centrifuged, washed and resuspended in 

medium without TRAIL. Level of apoptosis was analyzed by flow cytometry 24 hours after addition of 

TRAIL using FITC-conjugated Annexin-V assay. Data presented are means ± standard deviations of 

values of three independent experiments.
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Limiting dilutions were performed to estimate the frequency of TRAIL-resistant 

cells in the WT HL60 cell line (Table 1). By using prolonged exposure of WT HL60 

cells to TRAIL, we selected TRAIL-resistant HL60 cell lines (n=20).

Table 1

Number 
of cells 
per well

Number of wells with 
proliferating cells

Number 
of T-R 
cells

TRAIL 20ng/mL

3,3 20/192 1/32

5 101/480 1/24

MEAN= 
1/28

TRAIL 200ng/mL

98 8/192 1/2352

57 15/480 1/1824

MEAN= 
1/2088

TRAIL 2000ng/mL

2159 26/206 1/17105

2549 58/480 1/21095

MEAN= 
1/19100

Tab.1 Number of TRAIL-resistant cells in WT HL60 cell line highly depends on the concentration of 

TRAIL. Cells were distributed into 96-well plates in medium containing Trail (20, 200, or 2000ng/mL). 

On day 28 wells were examined under light microscope, and total number of wells with living cells was 

recorded. The number of resistant cells was subsequently calculated. Table 1 shows that with increasing 

concentration of TRAIL, the number of TRAIL-resistant cells steadily decreases in WT HL60 cell line. 
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Antibody-mediated blockage of WT HL60 death receptor TRAIL-R1/DR4 more 

potently suppressed TRAIL-induced apoptosis than blockage of TRAIL-R2/DR5 

(Fig.4).

Figure 4

Fig.4 TRAIL-R1/DR4 transduces TRAIL apoptotic signal more potently than TRAIL-R2/DR5 in WT 

HL60 cells. The cells were pre-incubated with blocking antibodies against death receptor TRAIL-

R1/DR4 (TRAIL-R1), TRAIL-R2 (TRAIL-R2), or both receptors (TRAIL-R1+2) before exposure 

to TRAIL (20, 50, 200ng/mL). Level of apoptosis was analyzed by flow cytometry 24h after addition of 

TRAIL using FITC-conjugated Annexin-V assay. Columns represent means, and error bars standard 

deviations of values of three independent experiments.
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Antibody mediated blockage of WT HL60 decoy receptors TRAIL-R3/DcR1 

and TRAIL-R4/DcR2 led to a moderate increase of apoptotic cell percentage, but the 

difference did not reach statistical significance (Fig.5). 

Figure 5

Fig.5 The increase of TRAIL-induced apoptosis in WT HL60 cells after the blockage of decoy 

receptors for TRAIL is statistically insignificant. The cells were pre-incubated with blocking antibodies 

against decoy receptor TRAIL-R3 (TRAIL-R3), TRAIL-R4 (TRAIL-R4), or both receptors 

(TRAIL-R3+4) for 1 hour before exposure to TRAIL (20, 50, 200ng/mL). Level of apoptosis was 

analyzed by flow cytometry 24h after addition of TRAIL using FITC-conjugated Annexin-V assay. 

Columns represent means, and error bars standard deviations of values of three independent 

experiments.
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Antibody mediated blockage of decoy receptors of TRAIL-resistant HL60 cells 

did not influence TRAIL-induced apoptosis (data not shown). Recombinant human 

osteoprotegerin (rhOPG) abrogated TRAIL-induced apoptosis, and the effect of OPG 

could be blocked by anti-OPG antibody (Fig.6). Treatment of TRAIL-resistant HL60 

cells with anti-OPG, however, did not influence the level of TRAIL-induced apoptosis 

(data not shown).
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Figure 6

Fig.6 Osteoprotegerin (OPG) rescues WT HL60 cells from TRAIL-induced apoptosis. The cells were 

pre-incubated with increasing concentrations of OPG (5-10.000ng/mL) for 1 hour before adding TRAIL 

(200ng/mL) (Fig.6a). The cells were pre-incubated with decreasing doses of OPG (10.000-5ng/mL) 

together with anti-OPG antibody (5g/mL) before adding TRAIL (200ng/mL). Level of apoptosis was 

analyzed by flow cytometry 24 hours after addition of TRAIL using FITC-conjugated Annexin-V 

assay. Data presented are means ± standard deviations of values of three independent experiments.
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WT HL60 cells express TRAIL mRNA. Treatment of WT HL60 cells with 

anti-TRAIL blocking antibody significantly reduced level of spontaneous apoptosis 

(Fig.7). 

Figure 7

Fig.7 Endogenous TRAIL induces apoptosis in WT HL60 cells. The cells were incubated with blocking 

anti-TRAIL antibody for 24 hours. Level of apoptosis was analyzed by flow cytometry 24 hours after 

addition of anti-TRAIL antibody using FITC-conjugated Annexin-V assay. Columns represent means, 

and error bars standard deviations of values of three independent experiments.

In conclusion, death receptor TRAIL-R1/DR4 more potently transduces 

apoptotic signal than TRAIL-R2/DR5 in response to TRAIL. Neither decoy receptors, 

nor OPG play a role in mediating the acquired TRAIL resistance of HL60 cells after 

prolonged exposure of the cells to TRAIL. Endogenous TRAIL appears to play a 

moderate, yet statistically significant role in negative regulation of WT HL60 cell 

growth.
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b. HL60 TRAIL-resistant cells are resistant to TNF, but remain sensitive to 

idarubicin and cytarabine

TRAIL-resistant HL60 cell lines (n=20) were derived by selective pressure of 

TRAIL. All TRAIL-resistant HL60 cell lines were resistant to TRAIL-induced 

apoptosis compared to WT HL60 cells (Fig.8, Fig.9). 

Figure 8

Fig.8 TNF, TRAIL, idarubicin, and cytarabine induce apoptosis in HL60 WT cells. The level of 

apoptosis was measured by flow cytometry using FITC-conjugated Annexin-V assay 24 (a) and 72 (b) 

hours after addition of the cytotoxic drugs at different concentrations. Columns represent means, and 

error bars standard deviations of values of three independent experiments.
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Figure 9

Fig.9 P1 TRAIL-resistant HL60 cells (a), and P2 TRAIL-resistant HL60 cells (b) are resistant to TNF, 

but remain sensitive to idarubicin (IdaR) and cytarabine (AraC). The level of apoptosis was measured 

by flow cytometry using FITC-conjugated Annexin-V assay 24 (a, c), and 72 (b, d) hours after addition 

of different concentrations of the cytotoxic drugs. Columns represent means, and error bars standard 

deviations of values of three independent experiments.
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TNF, anti-Fas agonistic antibody, cytarabine, and idarubicin were used to 

determine sensitivity/resistance of the TRAIL-resistant cells to other cytotoxic agents 

compared to WT HL60 cells. TNF-induced apoptosis was suppressed in TRAIL-

resistant HL60 cell lines compared to WT HL60 cells (Figure 8, Figure 9). HL60 cells, 

despite expressing cell surface Fas receptor, are known to be resistant to FasLigand-

induced apoptosis 302. The levels of apoptosis induced by cytotoxic agents, cytarabine 

and idarubicin, were not significantly different between TRAIL-resistant and WT 

HL60 cells. 

Acquired TRAIL resistance of HL60 cells is associated with resistance to 

TNF, but not with resistance to cytotoxic agents, idarubicin or cytarabine. Receptor-

mediated apoptotic pathway, unlike mitochondrial apoptotic pathway, thus seems to 

be significantly disrupted in TRAIL-resistance HL60 cells.
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c. HL60 cells resistant to cytarabine or idarubicin remain sensitive to TRAIL and 

TNF

By using selective pressure of cytarabine (AraC) or idarubicin (IdaR) we 

derived cytarabine or idarubicin-resistant HL60 cell lines. Both AraC and IdaR-

resistant HL60 cells remained sensitive to TRAIL and TNF-induced apoptosis 

(Fig.10). Acquired resistance to cytostatics was not associated with significant 

alterations of receptor-mediated apoptosis in HL60 cells. 

Figure 10

Fig.10 Cytarabine (AraC)-resistant (a), and idarubicin (IdaR)-resistant (b) HL60 cells remain sensitive 

to TRAIL and TNF. The level of apoptosis was measured by flow cytometry using FITC-conjugated 

Annexin-V assay 24 (a, c), and 72 (b, d) hours after addition of different concentrations of the cytotoxic 

drugs. Columns represent means, and error bars standard deviations of values of three independent 

experiments.
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d. Two distinct phenotypes of TRAIL-resistant HL60 cells 

TRAIL receptors, TRAIL, and CD14 were analyzed in TRAIL-resistant and 

WT HL60 cells by flow cytometry and real-time RT-PCR. Two distinct TRAIL-

resistant phenotypes, designated as phenotypes P1 and P2, were identified (Fig.11, 

Fig.12). P1 was detected in 17 of 20 (85%), and P2 in 3 of 20 (15%) TRAIL-resistant 

HL60 cell lines. P1 compared to WT HL60 cells showed prominent downregulation of 

both cell surface TRAIL death receptors, and of decoy receptor TRAIL-R3/DcR1 

(Fig.11). The cells also demonstrated moderate downregulation of cell surface decoy 

receptor TRAIL-R4/DcR2, while the expression of CD14 did not significantly change 

compared to WT HL60 cells (Fig.11, Fig.12). 

Figure 11

Fig.11 Cell surface expression of TRAIL receptors and CD14 

in TRAIL-resistant P1 HL60 cells. TRAIL death receptors, and 

decoy receptor 1 (TRAIL-R1, 2, 3) are downregulated, while 

expression of decoy receptor 2 (TRAIL-R4) does not change in 

a significant way in P1 compared to WT HL60 cells. Cells 

were stained with goat-anti-human-TRAIL-receptor polyclonal 

antibody, and subsequently with FITC-conjugated anti-goat 

secondary antibody before analyzed by flow cytometry. Full 

histograms represent TRAIL receptor and CD14 stains of the 

P1 cells. Interrupted open histograms represent TRAIL receptor 

and CD14 stains stains of the WT HL60 cells. Continuous open 

histograms represent control stains of the P1 cells with 

secondary antibody only. Data presented are representative 

example of P1 HL60 cell line phenotype.
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P2 cells showed downregulation of both TRAIL death receptors, while the 

expression of TRAIL-R3/DcR1 and TRAIL-R4/DcR2 did not significantly change. 

Surface myeloid differentiation CD14 antigen was induced in P2 compared to both 

WT and P1 HL60 cells (Fig.12). Neither TRAIL nor OPG were detectable by flow 

cytometry on the cell surface of HL60 cells (data not shown). 

Figure 12

Fig.12 Cell surface expression of TRAIL receptors and CD14 

in TRAIL-resistant P2 HL60 cells. TRAIL death receptors 

(TRAIL-R1, 2) are downregulated, while expressions of decoy 

receptors (TRAIL-R3, 4) do not change in a significant way in 

P2 compared to WT HL60 cells. Cells were stained with goat-

anti-human-TRAIL-receptor polyclonal antibody, and 

subsequently with FITC-conjugated anti-goat secondary 

antibody before analyzed by flow cytometry. Full histograms 

represent TRAIL receptor and CD14 stains of the P2 cells.

Interrupted open histograms represent TRAIL receptor and 

CD14 stains of the WT HL60 cells. Continuous open 

histograms represent control stains of the P2 cells with 

secondary antibody only. Data presented are representative 

example of P2 HL60 cell line phenotype. 
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On mRNA level, P1 cells showed significant upregulation of TRAIL-R4/DcR2 

(2.5-fold) compared to WT HL60 cells. Interestingly, the TRAIL-R1/DR4, TRAIL-

R2/DR5 and TRAIL-R3/DcR1 mRNA of P1 cells did not significantly change, which 

did not correlate with the decrease of cell surface expression of these receptors

(compare Fig. 12 and 13). P2 cells showed significant downregulation of TRAIL-

R2/DR5 (3-fold), TRAIL-R3/DcR1 (14.3-fold), and TRAIL (11.1-fold) compared to 

WT HL60 cells. Interestingly, the mRNA expression of osteoprotegerin (OPG) in P2 

HL60 cells was not detectable by one round of real-time RT-PCR (Fig.13).

Figure 13

Fig.13 P2 HL60 cells lack expression of OPG. Real-time RT-PCR was carried out on WT, P1, and P2 

HL60 cells. Figure 13 shows relative amounts of mRNA in P1 (dark columns), and P2 (light columns) 

cells compared to relative amount of mRNA in WT HL60 cells (=1). WT HL60 cells, and two cell lines 

from each TRAIL-resistant phenotype were analyzed. Gene expressions of TRAIL, TRAIL-R1, 2, 3, 4, 

and OPG were analyzed. Columns represent means, and error bars standard deviations of values of four 

independent experiments (two experiments for each cell lines).
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All TRAIL-resistant HL60 cell lines were resistant to TNF-induced

apoptosis. Here we show that the cell surface expression of receptors for TNF was 

significantly downregulated in these cell populations (Fig.14). 

Figure 14

Fig.14 Cell surface expression of receptors for TNF is significantly downregulated in TRAIL resistant 

HL60 cells of both phenotypes (P1 and P2= full histograms) compared to WT HL60 cells (=continuous 

open histograms). Cells were stained with goat-anti-human TNF-receptor polyclonal antibody, and 

subsequently with FITC-conjugated anti-goat secondary antibody before analyzed by flow cytometry. 

Full histograms represent TRAIL receptor and CD14 stains of the P1 and P2 HL60 cell lines. 

Continuous open histograms represent TRAIL receptor and CD14 stains of the WT HL60 cells. 

Interrupted open histograms represent control stains of the P1 and P2 HL60 cell lines with secondary 

antibody only. Data presented are representative examples of P1 and P2 HL60 cell line phenotypes.
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e. TRAIL and TNFinduced caspase 8 and 10 activation is inhibited in TRAIL 

resistant HL60 cells compared to WT HL60 cells.

The blockage of apical caspases, caspase 8 and 10, significantly inhibited the 

proapoptotic effect of TRAIL and TNF. To test the possibility that deregulated apical 

caspase activation caused resistance of TRAIL resistant cells to TRAIL and TNF, we 

measured the activity of caspase 8 and 10 after the TRAIL and TNF stimulation of 

WT HL60 cells, P1, and P2 TRAIL resistant lines. The activation of caspase 8 and 10 

after the exposure of TRAIL was significantly decreased in TRAIL resistant HL60 

lines compared to WT HL60 cells (Figure 15a, b). While in P2 cells we did not detect 

any caspase 8 activation during the first 4 hour after the exposure to TRAIL, in P1 

cells the caspase 8 activation was significantly lower compared to HL60 WT cells 

(Figure 15c, d). Interestingly, in WT HL60 cells the increase of caspase 10 activity 

after both TRAIL and TNF was higher compared to the increase of the activity of 

caspase 8.  
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Figure 15

Fig.15 (A, B) TRAIL-induced caspase 8 and 10 activation is decreased in both TRAIL resistant HL60 

phenotypes compared to wild type HL60 cells (P1cells= full and open triangle marks, P2 cells= full and 

open square marks, WT HL60 cells= full rhombus mark). (D) Similarly, caspase 10 activation is 

diminished after the challenge with TNF in TRAIL resistant HL60 cells compared to WT HL-60 cells. 

(C) Interestingly minimal caspase 8 activation was detected in WT HL-60 cells during first 4 hours after 

exposure to TNF. Results are expressed as percent increase of relative caspase activity. 100% 

corresponds to relative caspase activity of unstimulated cells. Results represent means ± SD of triplicate 

experiments.
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f. Distinct expression patterns of proapoptotic and antiapoptotic molecules are 

associated with P1 and P2 TRAIL resistant HL60 phenotypes

Up to now, TRAIL resistance of tumor cells has been associated with changed 

expression of various important apoptosis regulators. To find possible molecular 

mechanisms that might contribute to acquired TRAIL-resistance in HL60 cells, we 

analyzed gene expressions of selected molecules known to potently intefere with the 

apoptotic process. P1 cells showed significant mRNA upregulation of several 

antiapoptotic proteins: cIAP2 (9.5-fold), MCL1 (4.9-fold), cIAP1 (4.7-fold), XIAP 

(4.1-fold), BAG (4.8-fold), BCL2 (3.4-fold), BCL-W (3.1-fold), and BCL-XL (2.3-

fold), as well as prominent upregulation of a number of proapoptotic molecules as 

BID (7-fold), BAD (4.8-fold), BIM-L (4.7-fold), CASP10 (3.8-fold), BIK (3.3-fold), 

BAK (3-fold) or SMAC (2.5-fold). P2 cells had increased mRNA expression of the 

proapoptotic Bcl-2 family members BAD (6.6-fold), BID (5.7-fold), BIK (2.1-fold), 

and downregulated expression of FADD (4.5-fold), an important adaptor molecule for 

TRAIL receptor transduction of apoptotic signal, together with several antiapoptotic 

regulators cIAP2 (5.9-fold), MCL1 (2.2-fold), and cFLIP-L (2.1-fold). None of the 

measured antiapoptotic regulator mRNA was more than two fold increased in P2 cells 

(Figure 14). These data suggest that two TRAIL resistant HL60 phenotypes, P1 and 

P2, have distinct mechanisms of resistance. Gene expression changes of P1 compared 

to WT HL60 cells, especially significant overexpression of IAP and BCL2 family 

members, might at least partially contribute to the acquired TRAIL-resistance. Gene 

expression changes of the P2 compared to WT HL60 cells were mostly proapoptotic. 

However, it can be deemed that marked downregulation of FADD might synergize 

with downregulation of TRAIL (and TNF) death receptors, and these changes 
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together might result in the complete abrogation of TRAIL (and TNF)-induced 

apoptotic signal propagation.
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Figure 16

Fig.16 The expression of several essential apoptosis regulators is altered in P1, and P2 compared to WT 

HL60 cells. Real-time RT-PCR analysis was carried out on WT, P1, and P2 HL60 cells. Figure 14 

shows relative amounts of mRNA in P1 (dark columns), and P2 (light columns) cells compared to 

relative amount of mRNA in WT HL60 cells (=1). WT HL60 cells and two cell lines from each TRAIL-

resistant phenotype were analyzed. Gene expressions of selected pro- and antiapoptotic molecules were 

analyzed. Columns represent means, and error bars standard deviations of values of four independent 

experiments (two experiments for each cell lines).
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g. Diminished TRAIL-induced NFB nuclear translocation in both TRAIL 

resistant HL60 phenotypes compared to WT HL60 cells

Translocation of NFB to the nucleus and activation of NFB target gene 

expression represents an important prosurvival mechanism of malignant cells. 

Aberrant NFB activation and nuclear translocation has been associated with a wide 

range of tumors 303-308. TRAIL induces NFB nuclear translocation as a result of non-

apoptotic signaling pathways activation. NFB nuclear translocation can be mediated 

not only by TRAIL death receptors, but also by decoy receptor 2 (TRAIL-R4). 

RelA/p65 NFB member acts as a survival factor by downregulating expression of 

TRAIL death receptors, and upregulating expression of BCL-XL or IAP family 

members cIAP1, cIAP2. To analyze whether the detected upregulation of Bcl-XL and 

IAP family members, and downregulation of TRAIL death receptors in TRAIL-

resistant cells is associated with changes in NFB activation, we measured NFB 

member RelA/p65 translocation to the nucleus after exposure to TRAIL. WT HL60 

cells and two TRAIL-resistant cell lines from each TRAIL-resistant phenotype were 

analyzed. 

The nuclear RelA/p65 level was similar in non-stimulated WT (OD = 0.148 ± 

0.022) and TRAIL-resistant (OD = 0.160 ± 0.014) HL60 cells. The increase of nuclear 

concentration of RelA/p65 in response to TRAIL was detectable from 20 minutes after 

exposure of the cells to TRAIL. WT HL60 cells showed earlier onset and significantly 

higher peak of RelA/p65 translocation level compared to TRAIL-resistant cells of 

either phenotype. The peak of nuclear RelA/p65 concentration was delayed in P2 cells 

compared to both P1 and WT HL60 cells (Fig.17). 
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Figure 17

Fig.17 NFB signaling is suppressed in TRAIL-resistant compared to WT HL60 cells. Cells were lysed 

20, 40, 60, 90, 120, and 180 minutes after exposure to TRAIL (200ng/mL), and nuclear translocations 

of NFB member RelA/p65, were analyzed by ELISA-based NFB translocation assay. We observed 

significant decrease of the NFB translocation peaks in cells of both TRAIL-resistant HL60 phenotypes 

(P1, P2) compared to WT HL60 cells (a). The translocation peak was delayed in P2 compared to P1 and 

WT HL60 cells. Fig 15 is representative example of two independent experiments of WT HL60 cells, 

two P1 HL60 cell lines (P1a, P1b) and two P2 HL60 cell lines (P2a, P2b).

TRAIL-induced translocation of RelA/p65 transcription factor to the nucleus of 

TRAIL-exposed TRAIL-resistant compared to WT HL60 cells was significantly 

suppressed. This might be the result of the downregulation of cell surface TRAIL 

receptors as well as by the defect in TRAIL receptor signaling pathways. The role of 

prosurvival NFB pathway in acquired TRAIL-resistance was, however, not 

confirmed (Fig.17).



lxix

h. HL60 TRAIL-resistant clones are similar to P1 but not P2 HL60 cell lines

To exclude possible effect of TRAIL on HL60 cell differentiation and 

maturation during the selection of the TRAIL-resistant HL60 cell lines, we established 

TRAIL-resistant HL60 clones (n=5) that had never been exposed to TRAIL (see 

Materials and Methods). All HL60 clones showed suppressed sensitivity to TRAIL-

induced apoptosis (Fig.18). Thus, in contrast to acquired TRAIL-resistance of P1 and 

P2 HL60 cell lines, TRAIL-resistance of HL60 clones was constitutive.

Figure 18

Fig.18 TRAIL-resistant HL60 clones show 

suppressed sensitivity to TRAIL, but 

remain sensitive to idarubicin (IdaR) and 

cytarabine (AraC). The level of apoptosis 

was measured by flow cytometry using 

FITC-conjugated Annexin-V assay 24, and 

72 hours after addition of different 

concentrations of the cytotoxic agents 

(TRAIL, TNF, idarubicin (IdaR) and 

cytarabine (AraC)). Columns represent

means, and error bars standard deviations 

of values of three independent 

experiments.
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Flow cytometry analysis of TRAIL-resistant HL60 clones showed moderate 

downregulation of all receptors for TRAIL, and low expression of CD14 (Fig.19). 

Figure 19

Fig.19 All receptors for TRAIL are 

downregulated and the expression of CD14 

does not change in TRAIL-resistant HL60 

clones compared to WT HL60 cells. Full 

histograms represent stain of the TRAIL-

resistant HL60 clone. Interrupted open 

histograms represent stain of the WT HL60 

cells. Continuous open histograms 

represent stain of the TRAIL-resistant 

HL60 clones with secondary antibody 

only. Data presented are representative 

example of a phenotype of five TRAIL-

resistant HL60 clones.
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On mRNA level, TRAIL-R2/DR5 and TRAIL-R3/DcR1 were downregulated (2-

fold and 1.6-fold, respectively), while TRAIL-R1/DR4 and TRAIL-R4/DcR2 were 

upregulated (2-fold and 2.3-fold, respectively). There was significantly higher 

transcription of mRNA for TRAIL (21.3-fold) and osteoprotegerin (23.6-fold) in 

TRAIL-resistant HL60 clones compared to WT, P1 or P2 HL60 cells. FADD was 

prominently downregulated (944.4-fold) in TRAIL-resistant clones (Fig.20). 

Figure 20

Fig.20 Real-time RT-PCR analysis of TRAIL and TRAIL-receptor mRNA expression of TRAIL-

resistant HL60 clones. Real-time RT-PCR was carried out on WT HL60 cells and TRAIL-resistant 

clones. Figure 13 shows relative amounts of mRNA in TRAIL-resistant HL60 clones (dark columns) 

compared to relative amount of mRNA in WT HL60 cells (=1). WT HL60 cells, and two TRAIL-

resistant HL60 clones were analyzed. Gene expressions of TRAIL, TRAIL-R1, 2, 3, 4, and OPG were 

analyzed. Columns represent means, and error bars standard deviations of values of four independent 

experiments (two experiments for each cell lines).
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Real-time RT-PCR analysis unveiled marked gene expression pattern differences 

between TRAIL-resistant clones and WT HL60 cells.  We detected significant (>2-

fold) mRNA overexpression of antiapoptotic XIAP (288,3-fold), cIAP1 (8,9-fold), 

cIAP2 (7,4-fold), NAIP (4,7-fold), cFLIP-L (2,7-fold), BCL2 (2,3-fold), and MCL1 

(2,2-fold), but also upregulation of proapoptotic BID (13,6-fold), BAD (5,7-fold), and 

CASP8 (4,2-fold) in TRAIL-resistant HL60 clones. mRNA levels of antiapoptotic 

genes survivin and BCL-XL were downregulated (3,1-fold and 2,1-fold, respectively) 

(Fig.21). 

Figure 21

Fig.21 Expression pattern of important 

apoptosis regulators is altered in TRAIL-

resistant HL60 clones compared to WT HL60 

cells. Figure 19 shows relative amounts of 

mRNA in TRAIL-resistant clones compared to 

relative amount of mRNA in WT HL60 cells 

(=1). WT HL60 cells, and two TRAIL-resistant 

clones were analyzed. Gene expressions of the 

selected pro- and antiapoptotic molecules were 

analyzed. Columns represent means, and error 

bars standard deviations of values of four 

independent experiments (two experiments for 

each clone).
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TRAIL-induced translocation of RelA/p65 transcription factor to the nucleus of 

TRAIL-exposed TRAIL-resistant clones compared to WT HL60 cells was 

significantly suppressed. This might be the result of the downregulation of cell surface 

TRAIL receptors as well as by the defect in TRAIL receptor signaling pathways. The 

role of prosurvival NFB pathway in constitutive TRAIL-resistance was not 

confirmed (Fig.22).

Figure 22

Fig.22 NFB signaling is suppressed in TRAIL-resistant HL60 clones compared to WT HL60 cells. 

Cells were lysed 20, 40, and 60 minutes after exposure to TRAIL (200ng/mL), and nuclear 

translocations of NFB member RelA/p65 was analyzed by ELISA-based NFB translocation assay. 

We observed significant decrease of the NFB translocation peaks in TRAIL-resistant HL60 clones 

(Clone1, 2) compared to WT HL60 cells (WT). Fig 20 is representative example of two independent 

experiments of WT HL60 cells and two TRAIL-resistant clones.
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Our results suggest existence of a distinct population of TRAIL-resistant HL60 

cells, as exemplified by TRAIL-resistant HL60 clones, in the original WT HL60 cell 

line. Analyses of TRAIL-resistant HL60 clones suggest important similarities with P1, 

but not with P2, phenotype of TRAIL-resistant HL60 cell lines. 
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i. Shorter survival of immunodeficient mice xenotransplanted with P2 compared to 

mice xenotransplanted with WT or P1 HL60 cells

Intravenous injection of WT HL60 cells into immunodeficient NOD/LtSz-

Rag1null mice with subsequent leukemia development was associated with massive 

brain leukemia cell infiltration. The infiltration of bone marrow, liver, and peripheral 

lymph nodes was frequent (Fig.23). WT HL60 injected mice did not develop either 

hind-leg paralysis or macroscopic intraperitoneal tumors (Tab.3). Xenotransplantation 

of P1 cells into the mice did not significantly differ from that of WT HL60 cells 

(Tab.3). In contrast, the injection of P2 cells was associated not only with constant 

brain infiltration, and frequent bone marrow, liver and peripheral lymph node 

infiltration, but also with multiple intraperitoneal tumors (Fig.24), and occasional 

hind-leg paralysis. Survival of the mice xenotransplanted with P2 cells was 

significantly shorter (30.8 ± 2 days) compared to both WT and P1 cells transplanted 

mice (41.3 ± 2.1 and 40.5 ± 1.5 days, respectively; p ≤ 0.01; Tab.3). 
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WT HL60_#1 39,0 17,5 No 1 none 0,6 25% 15% 22% none

WT HL60_#2 39,0 22,8 No 0 none NA NA none 22% none

WT HL60_#3 41,0 23,6 No 2 none 1,1 31% 5% 30% 2%

WT HL60_#4 42,0 25,4 No 0 none NA NA 6% 15% none

WT HL60_#5 42,0 22,4 No 0 none NA NA 3% 27% none

WT HL60_#6 45,0 19,2 No 1 none 0,8 19% none 35% 3%

MEAN 41,3 21,8 none 0,8 25% 7% 25% 2%

P1 HL60_#1 38,0 21,1 No none none NA 24% 5% 42% none

P1 HL60_#2 41,0 18,5 No none none NA 21% none 26% none

P1 HL60_#3 41,0 17,7 No 1 none 0,4 19% 11% 28% 3%

P1 HL60_#4 40,0 16,9 No 1 none 0,6 12% 9% 36% 3%

P1 HL60_#5 40,0 16,0 No 2 none 0,3 18% 19% 53% 4%

P1 HL60_#6 43,0 20,4 No 1 none 0,3 20% none 46% none

MEAN 40,5 18,4 none 0,4 19% 11% 39% 3%

P2 HL60_#1 33,0 20,8 Yes none 3,0 4,1 64% 4% 15% 3%

P2 HL60_#2 33,0 21,0 Yes 1 2,0 3,3 55% 28% 12% 3%

P2 HL60_#3 36,0 22,4 Yes none 2,0 3,1 82% 15% 17% 2%

P2 HL60_#4 27,0 17,1 No none 2,0 1,2 70% 1% 35% 1%

P2 HL60_#5 27,0 18,7 No none 2,0 1,4 82% 2% 22% none

P2 HL60_#6 29,0 17,2 No 1 2,0 2,6 66% 2% 31% none

MEAN 30,8 19,5 2,2 2,6 70% 9% 22% 2%

Tab.3 Xenotransplantation of P2 HL60 cells into immunodeficient NOD/LtSz-Rag1null mice is 

associated with shortened survival compared to P1 or WT HL60 cells. Legend in text and in Materials 

and Methods.
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Figure 23

Fig.23 Peripheral lymph node enlargement of an immunodeficient mouse xenotransplanted with P1 

HL60 cells.

Figure 24

Fig.24  Intraperitoneal tumor of an immunodeficient mouse xenotransplanted with P2 HL60 cells.
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HL60 cell lines re-established from HL60 leukemia xenotransplanted animals 

were analyzed. Xenotransplanted WT HL60 cells retained low CD14 expression and 

sensitivity to TRAIL. Xenotransplanted P2 HL60 cells retained CD14 positivity and 

complete TRAIL resistance. Xenotransplanted P1 HL60 cells retained low CD14 

antigen, but sensitivity to TRAIL was partially restored (44±15% apoptosis 24 hours 

after the exposure to TRAIL 200ng/mL). The same observations were obtained with 

long-term in vitro cultures of P1 and P2 HL60 cells (data not shown). Thus, TRAIL 

resistance of P1 HL60 cells, unlike the TRAIL resistance of P2 HL60 cells, was not 

stable in time.
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j. TRAIL potentiates cytotoxic effects of cytarabine and idarubicin in WT HL60 

cells

To analyze potential cytotoxic synergy of TRAIL and cytostatics currently 

used for the treatment of acute myeloid leukemia, cytarabine (AraC) and idarubicin 

(IdaR), we measured the effects of diverse therapeutic strategies comprising different 

combinations and/or concentrations of the TRAIL, cytarabine and idarubicin, on WT 

HL60 cell proliferation and survival (Fig.25). 
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Figure 25

Fig.25 TRAIL potentiates the cytotoxic effects of 

cytarabine and idarubicin on WT HL60 leukemia 

cells. For each concentration/combination of the 

drugs, a column represents mean ± standard 

deviation of values of MTT proliferation assays 

of twelve wells on day 8. Fraction number above 

each column represents proportion of wells 

containing living cells on day 30 (e.g. 32/184 

means that from 184 wells examined on day 30, 

32 wells contained proliferating cells, and 152 

wells dead cells). Fig.19 shows that in contrast to 

single-agent TRAIL, idarubicin, or cytarabine, 

combining TRAIL with idarubicin and/or 

cytarabine not only more potently suppresses 

leukemia cell proliferation, but most importantly 

leads to eradication of  “leukemia units”. 
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Our results suggest significant cytotoxic synergy of TRAIL with either 

idarubicin, cytarabine or both. These data might have important implication for the 

development of new therapeutic strategies in the therapy of acute myeloid leukemia.
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4. DISCUSSION

Tumor necrosis factor-related apoptosis inducing ligand (TRAIL) is a cytokine 

with tumor-specific proapoptotic activity. In the present study we designed an in vitro

model of acquired TRAIL resistance of leukemic cells. TRAIL sensitive myeloid 

leukemia HL60 cells were exposed to selective pressure of TRAIL, and the established 

TRAIL-resistant HL60 cell lines were analyzed. Alternatively, TRAIL-resistant HL60 

cell clones were derived without exposure of the cells to TRAIL.

In various cancer cell lines and primary tumor cells TRAIL exerted 

programmed cell death either via death receptor TRAIL-R1/DR4, death receptor 

TRAIL-R2/DR5 or the both death receptors 309-313. Our experiments showed that the 

death receptor TRAIL-R1/DR4 transduces TRAIL death signal more potently than the 

death receptor TRAIL-R2/DR5 in WT HL60 cells. 

Decoy receptors (TRAIL-R3/DcR1, TRAIL-R4/DcR2) or osteoprotegerin were 

implicated in constitutive or acquired resistance to TRAIL 247-250,314. In the present 

study, however, we did not find evidence for the involvement of decoy receptors 

(TRAIL-R3/DcR1, TRAIL-R4/DcR2, or OPG) in TRAIL resistance of HL60 cells. 

Prolonged exposure of WT HL60 cells to TRAIL resulted in the expansion of 

several TRAIL-resistant HL60 cell lines. Analysis of the TRAIL-resistant lines 

unveiled that they could be divided into two TRAIL-resistant phenotypes. We 

identified distinct molecular and biological differences between P1 cells (detected in 

17 of 20 HL60 TRAIL-resistant lines) and less frequent P2 cells (detected in 3 of 20 

lines). P2 cells showed gain of CD14 differentiation antigen expression and loss of 

osteoprotegerin (OPG) expression compared to both P1 and WT HL60 cells. TRAIL 

has recently been reported to induce myeloid differentiation of normal human myeloid 
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cells 315. Maturation marker CD14 is induced during myeloid differentiation. The 

overexpression of CD14 on P2 cells thus might imply that this change was induced by 

TRAIL. The discrimination of TRAIL resistant HL60 cell lines into two phenotypes, 

P1 and P2, might imply several mechanisms of TRAIL resistance development. Either 

WT HL60 cells did not undergo apoptosis because of alterations in TRAIL-induced

apoptotic pathway, including defects in the expression of TRAIL-receptors (P1 cells), 

or TRAIL triggered non-apoptotic signaling pathways that resulted in the change of 

the cell phenotype (P2 cells). The former mechanism would imply presence of TRAIL 

resistant cells in the WT HL60 cell line. To test this hypothesis we derived TRAIL-

resistant HL60 clones from individual WT HL60 cells. The TRAIL-resistant HL60 

clones had low CD14 and detectable expression of OPG, similar to WT and P2 HL60 

cells. Similarly to P1 cells, TRAIL resistant HL60 clones showed significant 

upregulation of several members of antiapoptotic IAP and BCL-2 gene families. The 

findings thus supported the hypothesis that P1 cells were selected as a result of 

TRAIL-mediated elimination of TRAIL-sensitive WT HL60 cells. 

Recently, acquired resistance to TRAIL in human ovarian carcinoma cell line 

was associated with resistance to Fas-ligand (FasL), but not to chemotherapeutic 

agents 316. In several other studies, acquired TRAIL-resistance of malignant cells was 

associated with alterations of receptor mediated apoptosis, namely mutations of 

caspase 8, increased turnover of caspase 8, increased expression of cFLIP or 

disruption of FADD 140,172,254-260. We demonstrated that acquired TRAIL resistance of 

HL60 leukemia cells was associated with resistance to TNF., but not to anti-

leukemia agents, cytarabine or idarubicin. Similarly to TRAIL, resistance to TNF

was associated with significant downregulation of TNF receptor cell surface 

expression. To analyze potential disruption of apical events of receptor-mediated 



lxxxiv

apoptosis, we measured and compared the ability of TRAIL and TNF to induce 

caspase 8 and 10 activation in TRAIL resistant and WT HL60 cells. In TRAIL-

sensitive WT HL60 cells blockage of either caspase 8 or caspase 10 led to the 

significant abrogation of TRAIL or TNF-induced apoptosis. TRAIL resistant HL60 

cell lines had decreased activity of caspase 8 and 10 after the challenge with TRAIL or 

TNF, which is in concordance with decreased expression of TRAIL and TNF

receptors. While in P2 HL60 cells we did not detect any caspase 8 activation during 

the first 4 hour after the exposure to TRAIL, in P1 cells the caspase 8 activation was 

significantly lower compared to HL60 WT cells. Interestingly, in WT HL60 cells the 

increase of caspase 10 activity after both TRAIL and TNF was higher compared to 

the increase of the activity of caspase 8.  The data show that not only caspase 8 but 

also caspase 10 seems to play an essential role in death receptor-mediated apoptosis of 

HL60 cells.

TRAIL has recently been reported to induce growth of a subset of leukemic

cells, and to enhance metastatic progression of pancreatic cancer 146,317-319. In the 

present study, TRAIL did not stimulate growth of TRAIL-resistant HL60 cells in vitro

(data not shown). However, xenotransplantation of P2 HL60 cells into 

immunodeficient NOD/LtSz-Rag1null mice was associated with more aggressive 

biologic behavior and different growth pattern compared to both P1 and WT HL60 

cells. The results suggest that acquired leukemia cell TRAIL-resistance might at least 

in some cases be associated with more aggressive biologic behavior and ensuing 

worse prognosis. 

We clearly showed that single-agent TRAIL was not able to completely 

eradicate WT HL60 leukemia cells. Thus, it can be reasoned that treating leukemia 

with single-agent TRAIL might be associated with a high risk of relapse/progression 
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of the disease brought about by TRAIL-resistant leukemia cell clones that might 

possibly exert higher biologic aggressivity, as exemplified on TRAIL-resistant P2 

HL60 cells. Combined treatment of diverse tumor cells with TRAIL and other anti-

cancer agents had additive or even synergistic cytotoxic effect in many experimental 

studies 83,83,86,90,198-220. Data from our own experiments demonstrate significant 

synergistic cytotoxic effect between TRAIL, cytarabine and idarubicin on HL60 

leukemia cells. This finding is of special importance, as combined application of 

TRAIL and currently used cytostatics might significantly improve outcome of patients 

with acute myeloid leukemia.

The data from this study suggest that targeting of both, intrinsic and extrinsic,

apoptotic pathways may be essential for the development of novel combinatorial 

strategies in the treatment of leukemia and other malignancies.
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5. CONCLUSIONS

I. TRAIL-induced apoptotic signal is conveyed predominantly via TRAIL-

R1/DR4 in WT HL60 cells.

II. Prolonged treatment of TRAIL-sensitive HL60 leukemia cells with TRAIL 

resulted in the establishment of TRAIL resistant HL60 cell lines. Two distinct 

phenotypes of acquired TRAIL resistance, designated P1 and P2, were identified 

among TRAIL-resistant HL60 cell lines, based on the expression of TRAIL receptors, 

CD14, selected apoptotic regulators, nuclear translocation of NFB p65/RelA, and 

biologic in vivo aggressivity. Different molecular mechanisms are involved in 

acquired TRAIL-resistance of HL60 cells.

III. TRAIL resistance of HL60 cells was associated with resistance to TNF, but 

not to the cytostatics, idarubicin and cytarabine. Cytarabine-resistant and 

idarubicin-resistant HL60 cells remained sensitive to TRAIL and TNF. The 

extrinsic apoptotic pathway is disrupted in TRAIL resistant HL60 cells. The intrinsic 

apoptotic pathway, however, does not seem to be significantly affected by TRAIL 

resistance development.

IV. Acquired resistance of HL60 cells to TRAIL was associated with cell surface 

downregulation of death receptors for TRAIL and TNF. The detected 

downregulation of the death receptors in TRAIL-resistant HL60 cells might represent 

a major molecular mechanism of TRAIL and TNF resistance. 
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V. TRAIL and TNF-induced caspase 8 and caspase 10 activation was 

suppressed in TRAIL resistant compared to WT HL60 cells. This could be a 

consequence of TRAIL and TNF receptor downregulation from the cell surface, or 

an alteration of other molecules of the TRAIL receptor signaling pathways

VI. Changed expression of apoptotic regulators, namely the detected 

downregulation of FADD, and upregulation of IAP and BCL2 family members in 

TRAIL resistant compared to WT HL60 cells, might contribute to TRAIL 

resistance of HL60 cells,.

VII. NFB p65/RelA translocation to the nucleus is suppressed in TRAIL resistant 

compared to WT HL60 cells. NFB prosurvival pathway is not implicated in 

acquired TRAIL resistance of HL60 cells.

VIII. Acquired TRAIL resistance of leukemia cells might be associated with

increased in vivo aggressivity, as shown on WT, P1 and P2 HL60 cell xenograft 

model.

IX. TRAIL potentiates cytotoxic effect of cytarabine and idarubicin on HL60 

leukemia cells. This could have important implications for the treatment of leukemia.
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