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Abstract
Aim: The therapeutic targeting of the tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) death 
receptors in cancer, including non-small cell lung cancer (NSCLC), is a widely studied approach for tumor selective 
apoptotic cell death therapy. However, apoptosis resistance is often encountered. The main aim of this study was 
to investigate the apoptotic mechanism underlying TRAIL sensitivity in three bortezomib (BTZ)-resistant NSCLC 
variants, combining induction of both the intrinsic and extrinsic pathways.

Methods: Sensitivity to TRAIL in BTZ-resistant variants was determined using a tetrazolium (MTT) and a 
clonogenic assay. A RT-qPCR profiling mRNA array was used to determine apoptosis pathway-specific gene 
expression. The expression of these proteins was determined through ELISA assays and western Blotting, while 

Godefridus J.

https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/cdr
https://orcid.org/0000-0002-5447-2877
https://dx.doi.org/10.20517/cdr.2024.14
http://crossmark.crossref.org/dialog/?doi=10.20517/cdr.2024.14&domain=pdf


Page 2 of 21 De Wilt et al. Cancer Drug Resist 2024;7:12 https://dx.doi.org/10.20517/cdr.2024.14

apoptosis (sub-G1) and cytokine expression were determined using flow cytometry. Apoptotic genes were silenced 
by specific siRNAs. Lipid rafts were isolated with fractional ultracentrifugation.

Results: A549BTZR (BTZ-resistant) cells were sensitive to TRAIL in contrast to parental A549 cells, which are 
resistant to TRAIL. TRAIL-sensitive H460 cells remained equally sensitive for TRAIL as H460BTZR. In A549BTZR 
cells, we identified an increased mRNA expression of TNFRSF11B [osteoprotegerin (OPG)] and caspase-1, -4 and -5 
mRNAs involved in cytokine activation and immunogenic cell death. Although the OPG, interleukin-6 (IL-6), and 
interleukin-8 (IL-8) protein levels were markedly enhanced (122-, 103-, and 11-fold, respectively) in the A549BTZR 
cells, this was not sufficient to trigger TRAIL-induced apoptosis in the parental A549 cells. Regarding the extrinsic 
apoptotic pathway, the A549BTZR cells showed TRAIL-R1-dependent TRAIL sensitivity. The shift of TRAIL-R1 from 
non-lipid into lipid rafts enhanced TRAIL-induced apoptosis. In the intrinsic apoptotic pathway, a strong increase in 
the mRNA and protein levels of the anti-apoptotic myeloid leukemia cell differentiation protein (Mcl-1) and B-cell 
leukemia/lymphoma 2 (Bcl-2) was found, whereas the B-cell lymphoma-extra large (Bcl-xL) expression was 
reduced. However, the stable overexpression of Bcl-xL in the A549BTZR cells did not reverse the TRAIL sensitivity 
in the A549BTZR cells, but silencing of the BH3 Interacting Domain Death Agonist (BID) protein demonstrated the 
importance of the intrinsic apoptotic pathway, regardless of Bcl-xL.

Conclusion: In summary, increased sensitivity to TRAIL-R1 seems predominantly related to the relocalization into 
lipid rafts and increased extrinsic and intrinsic apoptotic pathways.
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INTRODUCTION
Non-small cell lung cancer (NSCLC) constitutes approximately 85% of all lung cancer cases, and it is 
associated with a very poor 5-year survival rate (approximately 16%)[1-3]. Although immunotherapy has 
shown considerable benefits for a subpopulation of NSCLC patients[4,5], there is still a need for novel 
targeted agents, including those targeting apoptosis. Apoptosis is required for the depletion of redundant, 
damaged, or transformed cells, such as viral-infected or malignant cells. However, in most tumor cells, the 
ability to activate apoptosis is inhibited due to the overexpression of pro-survival proteins and/or loss of 
proapoptotic proteins[6,7]. Therefore, the specific activation of apoptosis in tumor cells is a potent strategy to 
treat cancer. Currently, several tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-
based drugs have been or are being investigated for proapoptotic activity in clinical phase II and III trials in 
NSCLC. One of the major aims of these trials is to test the induction of the immune response against the 
tumor by TRAIL, although the main problems of TRAIL-based therapeutics are resistance, poor 
pharmacokinetics, and short half-life[8,9]. Although apoptosis is an immunologically silent process, there are 
several links combining it with immune response, e.g., caspase-8[10,11]. In addition, chemo- and radiotherapy, 
as well as growth factor receptor inhibitors targeting epidermal growth factor receptor (EGFR), anaplastic 
lymphoma kinase-echinoderm microtubule-associated protein-like 4 fusion (ALK-EML), and neurotrophic 
tyrosine receptor kinase (NTRK), are extensively being used for the treatment of NSCLC, and these 
treatments also induce apoptosis. Thus, the current treatment modalities trigger at least the apoptotic cell 
death pathway. Therefore, more insight into the resistance mechanism of apoptosis induction will help to 
improve the current therapy[10].

The initiation of apoptosis can be regulated via extrinsic and intrinsic apoptotic pathways, which will 
ultimately result in the activation of the effector caspases[10]. The activation of the extrinsic apoptotic 
pathway is achieved by the binding of TNF family members to their associated receptors. Several variants of 
TRAIL have been or are being investigated for their clinical benefit in phase I, II and III clinical trials 
(clinicaltrials.gov[12-15]). TRAIL agonists can bind to the death receptors TRAIL-R1 and TRAIL-R2 and the 
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decoy receptors TRAIL-R3 and TRAIL-R4. The activation of TRAIL-R1 and TRAIL-R2 results in the 
trimerization of the receptors and the formation of the intracellular death-inducing signaling complex 
(DISC) involving Fas-associated death domain (FADD) and caspase-8. This will lead to the activation of 
caspase-8, which, in turn, can activate effector caspase-3 directly or, alternatively, via the cleavage of BH3 
Interacting Domain Death Agonist (BID) into a truncated form, tBID. Truncated BID facilitates the 
localization of Bak and Bax into the mitochondrial membrane, thereby initiating the intrinsic apoptotic 
pathway, resulting in the release of cytochrome C and SMAC/DIABLO. Cytochrome C is required for the 
formation of the apoptosome, where caspase-9 will be activated, leading to the activation of caspase-3, 
resulting in apoptosis[16-18]. Apart from the primary DISC, a secondary signaling complex can be formed 
containing receptor-interacting protein kinase 1 (RIPK1) and TNF receptor-associated factor 2 (TRAF2). 
This secondary complex can activate several protein kinase pathways that promote cell proliferation, 
including the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which 
can enhance the expression of a number of anti-apoptotic proteins, such as cellular FLICE-like inhibitory 
protein (c-FLIP) and X-linked inhibitor of apoptosis protein (XIAP)[19,20].

Furthermore, the distribution of the TRAIL receptors within lipid rafts forms an activated DISC and 
induces cell death, whereas localization in the non-lipid rafts recruits the secondary complex, thereby 
initiating cell survival[21-24]. More recently, β-catenin was found to induce the redistribution of the cell 
surface expression of TRAIL-R1 and -R2, leading to increased caspase-3/8 activation and apoptosis, thus 
enhancing TRAIL sensitivity[25]. Other features that contribute to TRAIL resistance consist of mutations in 
the receptors[26,27] or O-glycosylation of the intracellular part of the receptor[28]. In addition, high levels of 
c-FLIP[29] and phosphoprotein enriched in diabetes (PED)[30] have been described to interfere with the 
formation of DISC, thereby hampering the apoptotic pathway. Further downstream in the apoptotic 
pathway, resistance can be dependent on high expression levels of the anti-apoptotic B-cell leukemia/
lymphoma 2 (Bcl-2) family proteins Bcl-2, B-cell lymphoma-extra large (Bcl-xL), and myeloid leukemia cell 
differentiation protein (Mcl-1), which are key regulators of the mitochondrial-dependent apoptotic 
pathway[31,32].

To increase the therapeutic potential of TRAIL, a combination of various therapeutic agents has been 
examined, including bortezomib (BTZ). BTZ is a prototype proteasome inhibitor that primarily targets the β
5 subunit of the proteasome, thereby inhibiting the degradation of many proteins[33,34]. Initially, the rationale 
for combining TRAIL with BTZ was based on the inhibitory effect of BTZ on IκB degradation, consequently 
repressing NF-κB activity[35]. However, over the years, BTZ has been recognized to trigger a multitude of 
antiproliferative effects, all of which could contribute to increased TRAIL sensitization[36], such as additional 
inhibition of the intrinsic apoptotic pathway.

In a previous study, we examined the mechanisms of acquired BTZ resistance in several NSCLC cell lines. 
The enhanced expression levels of the β-subunits of the proteasome, as well as point mutations, such as 
Ala49Thr, Met45Val, and Cys52Phe substitutions, within the β5 subunit of the proteasome, were shown to 
contribute to BTZ resistance[37]. In the present study, we examined the effect of TRAIL on these BTZ-
resistant NSCLC cells. Interestingly, we found markedly enhanced TRAIL sensitivity in the BTZ-resistant 
A549 cells, whereas the parental cells were TRAIL-resistant. Both cell lines were used as a model to further 
investigate the molecular mechanism underlying TRAIL resistance.
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METHODS
Cell culture and transfection
The human NSCLC H460, A549, and SW1573 cell lines were obtained from the American Type Culture 
Collection (Manassas, VA, USA). H460 and A549 were grown in RPMI-1640 and SW1573 in DMEM 
(Lonza, Verviers, Belgium) supplemented with 10% fetal bovine serum (Greiner Bio-One, Frinckenhausen, 
Germany) and 100 units/mL of penicillin/streptomycin (Lonza, Verviers, Belgium). The cells were grown at 
37 °C in a humidified atmosphere of 5% CO2 and regularly checked for mycoplasma infections.

BTZ-resistant cells were established by exposing cells to gradually increasing concentrations of BTZ over a 
period of at least 6 months: H460 (from 5 to 100 nM), A549 (5-40 nM) and SW1573 (5-50 nM). The 
resistant variants are further referred to as H460BTZR, A549BTZR, and SW1573BTZR, respectively[37]. BTZ-
resistant cells were cultured in BTZ-free medium for at least 72 h before the initiation of the experiments to 
exclude the interference of the selective BTZ concentrations.

For the generation of stable transfectants, H460, A549, and A549BTZR cells were transfected with 10 µg 
cDNA encoding Bcl-xL subcloned into the expression vector pEFLAGpGKpuro[38] using FuGENE® 6 
Transfection Reagent (Promega, Madison, WI, USA) according to the manufacturer’s protocol. Selection 
was made using increasing concentrations of puromycin (Sigma-Aldrich, Zwijndrecht, the Netherlands) 
ranging from 1-2 µg/mL.

Drug sensitivity was determined using the tetrazolium (MTT) assay as described earlier[39]. Briefly, cells were 
plated in 96-wells plates and 24 h (day 0) after attachment drugs (BTZ or TRAIL) were added. After 72 h 
(day 3), the growth inhibition was measured by using the MTT assay as described. IC50 values were 
determined by correcting optical density at day 3, by the initial optical density (OD) on the day of drug 
addition (day 0). The value on day 3 was set at 100% and that on day 0 at 0%. IC50 values were defined as 
the concentration at which 50% growth inhibition was established. OD values on day 3 below that of day 0 
are defined as cell kill.

Reagents and antibodies
BTZ (Velcade®) was obtained from Millennium Pharmaceuticals Inc. (Cambridge, MA, USA). RhTRAIL[39], 
TRAIL-R1-specific TRAIL variant 4C7[40], and TRAIL-R2-specific TRAIL variant D269H/E195R[41] were 
produced non-commercially in cooperation with IQ-Corporation (Groningen, the Netherlands) following a 
protocol described earlier. The broad-spectrum caspase inhibitor zVAD-fmk was purchased from Promega, 
Madison, USA. For the western blot, the primary antibodies included mouse monoclonal caspase-8 (1C12), 
rabbit anti-caspase-9 (human specific), rabbit anti-cleaved caspase-9 (D330) (human specific), rabbit anti-
caspase-3, rabbit anti-cleaved caspase-3 (Asp175), rabbit anti-PARP, rabbit anti-FLIP, rabbit anti-Bcl-2, 
rabbit anti-Bcl-xL, rabbit anti-Mcl-1, rabbit anti-BID, anti-caspase-1, anti-caspase-4, anti-caspase-5 (Cell 
Signaling Technology, Danvers, MA, USA), mouse anti-XIAP clone 2F1 (MBL International, Woburn, MA, 
USA), mouse monoclonal anti-NOXA, rabbit anti-TRAIL receptor 2 (Merck KGaA, Darmstadt, Germany), 
goat anti-DR4 (C20) (Santa Cruz Biotechnology, Heidelberg, Germany), and anti-β-actin (Sigma-Aldrich 
Chemicals, Zwijndrecht, the Netherlands), which were diluted in InfraRedDye blocking buffer (Rockland 
Inc., Pottstown, PA, USA). The secondary antibodies were goat-a-mouse-InfraRedDye (1:10,000, 
800CW;#926-32210 and 680;#926-32220, Westburg, Leusden, the Netherlands), goat-a-rabbit-InfraRedDye 
(800CW;926-32211 and 680;#926-32221, Westburg, Leusden, the Netherlands), or donkey-a-goat-
InfraRedDye (800CW; #926-32214, Westburg, Leusden, the Netherlands). Necrostatin-1, a specific RIPK1 
inhibitor of necroptosis[42], was obtained from Selleck (Houston, TX, USA).
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Clonogenic survival
Clonogenic survival was performed as described previously[43]. Briefly, cells were seeded at a density of 250 
cells/well and treated with 100 ng/mL TRAIL. After 6 h exposure, the cells were washed and the medium 
replaced by drug-free medium, followed by 1-2 weeks incubation to allow for colony formation. At this 
stage, the cells were washed with PBS, fixed with 99% ethanol, and washed again. The colonies were stained 
with 10% Giemsa (Merck, Darmstadt, Germany), and those consisting of >50 cells were counted. The 
surviving fraction was determined by dividing the amount of colonies by the amount of cells plated. The 
surviving fraction of untreated cells was set to 1.

Western blot analysis
Western blot analysis was performed as described previously[37]. Briefly, the protein samples were separated 
by 8%-15% SDS PAGE, electroblotted onto a PVDF membrane (Millipore, Amsterdam, the Netherlands) 
and blocked in InfraRedDye blocking buffer. The membrane was probed with the indicated primary 
antibodies (overnight at 4 °C), followed by 1 h incubation with the indicated secondary antibodies. 
Fluorescent proteins were detected by an Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, NE, 
USA), 84 µm resolution, 0 mm offset, and with high quality.

Cell surface expression of TRAIL receptors
TRAIL receptor membrane levels were determined on BTZ-resistant cells and their parental counterparts, 
as described previously[44]. Briefly, cells were collected, washed, and incubated with primary antibodies 
against TRAIL-R1, TRAIL-R2, TRAIL-R3, and TRAIL-R4 (clones HS101, HS201, HS301, and HS402, 
10 µg/mL; Alexis, London, UK) for 15 min at room temperature (RT). Mouse IgG1 was used as a negative 
control. The cells were washed, followed by incubation with rabbit-anti-mouse PE labeled (DAKO) for 15 
min at RT. The cells were washed, and the fluorescence was measured on a FACS-Calibur flow cytometer. 
The relative fluorescence intensity (RFI) was calculated as the mean fluorescence intensity (MFI) of the 
TRAIL receptor-MFI of IgG1. The basal levels were set at 100%.

RNA interference
For the transient gene knockdown, cells were seeded at 2.5 × 105 per well in a 6-well tissue culture plate and 
allowed to settle overnight. SiRNA duplexes were formed using oligofectamine reagent according to the 
manufacturer’s instructions (Invitrogen BV). The culture medium was replaced with OPTI-MEM®I 
(Invitrogen, Breda, the Netherlands), and the cells were transfected with 100 nM small interfering RNA 
(siRNA) molecules targeting the sense GGAAGAGAACAGGACUGAGGC and antisense 
GCCUCAGUCCUGUUCUCUUCC strands of Bcl-xL and the GAAUAGAGGCAGAUUCUGA sense and 
UCAGAAUCUGCCUCUAUUC antisense strands for BID (Eurogentech, Seraing, Belgium). As a control, 
siRNA with no homology to the human genome was used. After 24 h, the cells were reseeded for flow 
cytometric analysis.

Flow cytometric analysis of cell cycle distribution
Cell cycle analysis and cell death measurements were performed as described previously[45]. Briefly, cells 
were harvested after 24 h of exposure to TRAIL and centrifuged for 5 min at 1,200 rpm (250 g). 
Subsequently, the cells were stained with propidium iodide buffer (0.1 mg/mL propidium iodide, 0.1% 
RNase A) in the dark on ice. The DNA content was analyzed by fluorescence-activated cell sorting (FACS) 
analysis (Becton Dickinson, Immunocytometry Systems, San Jose, CA, USA) with an acquisition of 10,000 
events. Cell death was determined by the sub-G1 peak.
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Fractionation lipid rafts
Fractionation of the lipid rafts from the non-lipid rafts was performed as described previously[23]. Briefly, 1 × 
108 cells were lysed on ice in 2 mL MNX buffer [1% Triton X-100 in 25 mM MES and 150 mM NaCl (pH 
6.5)] supplemented with 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Sigma-
Aldrich Chemicals, Zwijndrecht, the Netherlands) and then homogenized. The homogenates were 
resuspended in 2 mL 90% sucrose dissolved in MNX buffer and gently overlaid with 4 mL 35% sucrose and 
4 mL 5% sucrose. The samples were centrifuged at 175,000× g in a SW32Ti rotor with an Optima L-80 XP 
centrifuge (Beckman, Brea, CA, USA) for 16 h at 4 °C. Ten fractions of 1 mL were collected from top to 
bottom of the gradient and analyzed by western blot.

mRNA expression of apoptosis specific genes by RT-qPCR
To detect alterations in the mRNA expression levels of several pro- and anti-apoptotic genes, we performed 
an RT2 Profiler PCR Array (SABionsciences, Frederick, MD, USA), which was capable of detecting 84 
apoptotic genes with qPCR according to the manufacturer’s instructions. Briefly, the RNA was isolated 
using the RNeasy 96 kit (Qiagen Inc., Valencia, CA, USA). The cDNA was prepared with the RT2 First 
strand kit, mixed with the RT2SYBR Green qPCR master mix, and aliquoted across the PCR array. 
Amplification data (Ct values) were collected with an ABI 7500 RT-PCR system. ΔΔCt was determined as 
(A549BTZRCt - A549BTZRCt housekeeping genes) - (A549Ct - A549Ct housekeeping genes). The fold change was calculated 
by 2ΔΔCt, indicating the upregulation of genes with a fold change > 1 in the A549BTZR cells and the 
downregulation of genes with a fold change < 1.

Detection of human osteoprotegerin by ELISA
The levels of secreted osteoprotegerin (OPG) were detected using a RayBio® Human Osteoprotegerin ELISA 
Kit according to the manufacturer’s instructions (RayBiotech, Inc., Norcross, GA, USA). Briefly, 
supernatants of different cell lines were collected, centrifuged for 5 min at 1,500 rpm (300× g) and sampled 
on an osteoprotegerin microplate coated with anti-human osteoprotegerin. After incubation for 2.5 h at RT, 
the wells were washed and incubated with biotinylated antibody for 1 h at RT. The solution was discarded, 
and after washing, streptavidin solution was added for 45 min at RT. After washing, TMB One-Step 
Substrate Reagent was added for 30 min at RT. Stop solution was added, and the optical density was 
measured at 450 nm.

Secretion of cytokines
A549 and A549BTZR cells were plated in 6-well plates at a density of 3 × 105 cells. After 24 h, the 
supernatant was collected and centrifuged for 5 min at 1,500 rpm to remove detached cells. According to 
the manufacturer’s protocol, the cytometric bead array (CBA) human inflammatory cytokines kit (BD 
biosciences, San Jose, CA, USA) was used for the quantitative measurement of interleukin-8 (IL-8), 
interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), TNF, and interleukin-12p70 (IL-12p70). 
Measurements were performed on a FACS-Calibur flow cytometer (Becton Dickinson, Immunocytometry 
Systems, San Jose, CA, USA) using the CellQuest program.

Statistics
Statistical evaluation was performed using the Student t-test, with P < 0.05 as the level of significance, unless 
otherwise indicated.

RESULTS
Phenotypic alteration for TRAIL sensitivity in A549BTZR cells
Previously, we generated acquired BTZ resistance in a panel of NSCLC cells that displayed different TRAIL 
sensitivities[18,37]. We used H460 (IC50: 6 ng/mL TRAIL), A549, and SW1573 cells (IC50: > 200 ng/mL TRAIL). 
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Figure 1. Acquired BTZ-resistant A549 cells demonstrate reversed phenotypic TRAIL sensitivity. (A) The clonogenic outgrowth was 
significantly reduced in both the H460BTZR (not measurable) and A549BTZR cells after exposure to 100 ng/mL TRAIL for 6 h; (B) 
Western blot analysis of caspase and PARP cleavage shows the enhanced cleavage already after 6 h in the A549BTZR cells; (C) BID 
and XIAP were reduced in the A549BTZR cells after exposure to 100 ng/mL TRAIL for 6 and 24 h; (D) the ZVAD (100 µg/mL) 
completely reduced the TRAIL-enhanced apoptosis after 24 h exposure as determined with Flow Cytometry; (E) Incubation with 30 μM 
necrostatin for 24 h did not result in reduced TRAIL-induced apoptosis as determined with Flow Cytometry; (F) Expression of TRAIL in 
A549BTZR cells as determined with Flow cytometry. Similarly, the TRAIL expression was not different between parental and resistant 
variants of H460 and SW1573 cells. The values are the means ± SEM and the western blots depicted represent at least three 
independent experiments. Similarly, the effect of TRAIL was significantly higher in A549BTZR compared to A549 cells. **P < 0.001; *P < 
0.01. BTZ: Bortezomib; TRAIL: TNF-related apoptosis-inducing ligand; TNF: tumor necrosis factor; BID: BH3 Interacting Domain Death 
Agonist; XIAP: X-linked inhibitor of apoptosis protein.

Since BTZ is a potent sensitizer for TRAIL-induced apoptosis, we examined TRAIL sensitivity in the 
generated acquired BTZ-resistant cell lines. Using the MTT assay for determination of initial sensitivity, the 
IC50 for TRAIL in H460BTZR cells slightly increased to 9.9 ng/ml, did not change in SWS1573BTZR cells 
(> 200 ng/mL), but decreased in A549BTZR cells (11.3 ng/mL). However, at a higher concentration 
(100 ng/mL), we found that in A549BTZR and H460BTZR cells, a higher extent of cell kill was observed 
compared to A549 and H460 cells. Based on the MTT assay data, we chose one concentration of TRAIL 
(100 ng/mL) to be tested in clonogenic assays since this assay gives a better estimate of surviving fractions. 
In clonogenic assays, TRAIL sensitivity was slightly increased in H460BTZR compared to parental H460 
cells [Figure 1A]. Interestingly, also with the clonogenic assay, the A549BTZR cells were significantly more 
sensitive to TRAIL-induced apoptosis, as shown by the strong decline in the clonogenic outgrowth with 
surviving fractions of 0.98 to 0.13 for the A549 and A549BTZR cells, respectively (P < 0.005). Therefore, for 
further mechanistic studies, we focused on the A549 cells and their BTZ-resistant variant A549 BTZR.
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In order to determine whether increased apoptosis was responsible for this collateral sensitivity, we analyzed 
time-dependent caspase cleavage after exposure to TRAIL using western blot analysis. TRAIL increased 
levels of caspase-8, caspase-9, caspase-3, and PARP cleavage in the A549BTZR cells compared to the 
parental cells [Figure 1B]. In addition, both BID and XIAP were cleaved after 6 h of exposure to TRAIL in 
the A549BTZR cells, whereas no cleavage was detected in the A549 cells up to 24 h of treatment 
[Figure 1C]. To determine whether the increased TRAIL-induced cell death was caspase-dependent, we 
investigated the effect of zVAD, a broad-spectrum caspase inhibitor, on TRAIL-induced apoptosis 
[Figure 1D]. After 24 h of exposure, the cell death was significantly reduced (P < 0.01) when exposed to both 
TRAIL and zVAD, indicating that the TRAIL-induced apoptosis in the A549BTZR cells was caspase-
dependent. The exposure of cells to 30 µM necrostatin in combination with TRAIL did not reduce the 
amount of cell death in A549BTZR, thereby excluding the activation of cell death via necroptosis 
[Figure 1E]. TRAIL expression was similar between parental and resistant cells [Figure 1F].

mRNA and protein levels of apoptotic proteins are differentially expressed in A549BTZR cells
The enhanced TRAIL sensitivity in the A549 BTZ-resistant variant provides a very interesting model to 
further characterize the underlying mechanisms that regulate TRAIL-induced apoptosis. Therefore, we 
determined the basal mRNA expression levels of 84 apoptosis-related genes in A549 and A549BTZR cells 
using an RT2ProflierTM PCR array. The top ten genes that were overexpressed or downregulated in 
A549BTZR are shown in Table 1. In line with the alterations found with the RT2ProflierTM PCR array, we 
observed that the protein expression levels of c-FLIP and BID were not differentially expressed in A549 and 
the BTZ-resistant counterpart [Figure 2]. Moreover, the expression level of Bcl-xL was strongly reduced in 
the A549BTZR cells, whereas the expression of Bcl-2 and Mcl-1 increased. Although Phorbol-12-myristate-
13-acetate-induced protein 1 (NOXA) was not included in the RT-PCR array, we also evaluated the protein 
levels of this Mcl-1 inhibitor and found that NOXA was also overexpressed in the A549BTZR cells. The 
relationships among the downregulated and upregulated apoptotic genes were further analyzed by an IPA 
pathway analysis [Table 2], and schematic figures of the network functions are represented in 
Supplementary Figure 1. Cell death, cell-mediated immune response, and cellular development were 
predominantly found as associated network functions. Taken together, these findings indicate that a broad 
range of pathways relevant to cell survival are altered in A549BTZR cells.

A549BTZR cells secrete high levels of osteoprotegerin
The TNFRSF11B mRNA, encoding the soluble TRAIL receptor, OPG, was the highest upregulated gene in 
A549BTZR cells. This finding is remarkable since OPG is thought to inhibit the apoptosis-inducing effect of 
TRAIL. An ELISA analysis showed that the secretion of OPG in the A549BTZR cells strongly increased by 
122-fold, from 3 pg/mL to 364 pg/mL OPG for the A549 and A549BTZR cells, respectively [Figure 3A]. 
Notably, the TRAIL-sensitive H460 cells also had a high level of OPG secretion, but were very low in both 
SW1573 and SW1573BTZR cells. However, the incubation of the TRAIL-resistant A549 or SW1573 cells 
with 900 pg/mL OPG for 4 h prior to the TRAIL treatment did not affect cell death activation [Figure 3B]. 
Thus, the increases in OPG secretion could not be linked with the increased TRAIL sensitivity in the 
A549BTZR cells.

Altered secretion of cytokines does not influence TRAIL sensitivity
The mRNAs for caspase-1, caspase-4, and caspase-5 also strongly increased in the BTZ-resistant cells 
[Table 1]. These  caspases  are  involved in  the  regula t ion of  in f lammatory  responses  
[Supplementary Figure 1][46]. A western blot analysis showed an increased expression of caspase-1 and 
caspase-4 but not of caspase-5 [Figure 4A]. Since these caspases are part of the inflammasome and play a 
role in the immune system by promoting the maturation and secretion of pro-inflammatory cytokines, we 
examined the cytokine secretion of A549 and A549BTZR cells. IL-8 and IL-6 levels were found to be 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202404/cdr7014-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202404/cdr7014-SupplementaryMaterials.pdf


De Wilt et al. Cancer Drug Resist 2024;7:12 https://dx.doi.org/10.20517/cdr.2024.14 Page 9 of 21

Table 1. A549BTZR cells display an altered mRNA expression pattern

Fold Change
A: Gene

TNFRSF11B 75

CASP5 28

CASP4 21

CASP1 10

CD70 8

MCL1 4

BCL2 4

TNFRSF25 3

CASP3 3

GADD45A 2

B: Gene

DAPK1 0.0006

PYCARD 0.0206

TNFSF8 0.0304

BCL2A1 0.0311

TNFRSF9 0.0404

TNFRSF21 0.0519

BCL2L1 0.0644

TP53 0.0850

BAD 0.1325

BFAR 0.1554

RT-qPCR analysis resulted in a top 10 of mRNAs that were expressed higher (A) or lower (B) in A549BTZR cells. Values were corrected for the 
average of five different housekeeping genes. Values found for A549 cells were set to 1 and values of A549BTZR cells were correlated to 
determine the fold change.

Table 2. Network functions associated with the altered mRNA expression levels in the A549BTZR cells

ID Associated network functions Score

1 Cell death, embryonic development, renal necrosis/cell death 49

2 Cell death, cell-mediated immune response, cellular development 41

3 Cell death, cell-mediated immune response, cellular development 32

4 Cell death, dermatological diseases and conditions, genetic disorder 15

5 Cell death, cell cycle, antimicrobial response 13

An analysis using IPA resulted in a list of the top 5 networks associated with the modulated mRNA expression levels in the A549BTZR cells 
compared to the A549 cells.

increased by 11- and 103-fold, respectively, whereas the secretion of IL-1β, IL-10, TNF-α, and IL-12 p70 was 
reduced [Figure 4B].

Since several alterations in cytokine secretion were found between TRAIL-sensitive and -resistant cells, we 
investigated whether TRAIL sensitivity is affected by a combination of secreted factors and not just by one 
factor such as OPG. Therefore, we cultured A549 cells in conditioned medium collected from TRAIL-
sensitive H460 or A549BTZR cells and exposed the cells to 100 ng/mL TRAIL. However, the apoptosis-
inducing effect of TRAIL did not change [Figure 4C]. The opposite was also examined by incubating H460 
and A549BTZR cells with A549-conditioned medium with or without 100 ng/mL TRAIL. However, the 
conditioned A549 medium also did not affect TRAIL sensitivity in H460 and A549BTZR cells [Figure 4D]. 
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Figure 2. Basal protein levels were differently expressed in the A549 and A549BTZR cells. (A) Western blot analysis was used to 
detect the basal expression levels of several proteins in the A549 and A549BTZR cells. The blots are representative of at least three 
separate experiments. β-actin was used as a loading control; (B) Scans showing the ratio A549BTZ/A549. *P < 0.01.

Figure 3. Enhanced secretion of OPG by A549BTZR did not induce TRAIL sensitivity. (A) With the use of ELISA, the secreted OPG 
levels were measured in the supernatant of the different cell lines; *significantly different (P < 0.01). The secretion of OPG by both 
SW1573 variants was 0.41 pg/mL; (B) Cell death was measured in the TRAIL-resistant A549 and SW1573 cells after incubation with 
900 pg/mL OPG for 4 h followed by the addition of 100 ng/mL TRAIL for 24 h. The effect of TRAIL was significantly higher than that of 
OPG (*P < 0.01). The values are the means of at least three independent experiments ± SEM. OPG: Osteoprotegerin; TRAIL: TNF-
related apoptosis-inducing ligand; TNF: tumor necrosis factor.

Taken together, these results indicate that although the secretion of OPG and other cytokines is different in 
TRAIL-sensitive A549BTZR cells compared to parental cells, this does not affect TRAIL sensitivity.

TRAIL-R1 mediates TRAIL-induced apoptosis in A549 BTZ-resistant cells, and its localization is 
altered to the lipid rafts
To further examine the underlying mechanism of TRAIL sensitization, we determined which of the TRAIL 
receptors mediates TRAIL-induced apoptosis. A549BTZR and A549 cells were exposed to TRAIL-receptor-
targeting TRAIL-variants-targeting antibodies that were either specific for TRAIL-R1 (4C7) or TRAIL-R2 
(D269H/E195R). Strong induction of cell death was detected when the A549BTZR cells were exposed to 
50 ng/mL TRAIL-R1 antibody, whereas no cell death was found after exposure to the TRAIL-R2-specific 
antibody [Figure 5A], indicating a pivotal role for TRAIL-R1. TRAIL receptor levels are often upregulated 
upon BTZ treatment as a mechanism to sensitize cells for TRAIL-induced apoptosis[6]. However, the mRNA 
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Figure 4. Different secretion products from the A549BTZR cells did not trigger TRAIL sensitivity. (A) Western blot analysis was used to 
detect the basal expression levels of caspase-1, -4 and -5 in A549 and A549BTZR cells; (B) Supernatant of the A549 and A549BTZR 
cells was used to determine the cytokine secretion. The cytokine secretion levels detected in the A549BTZR supernatant were 
compared with the secretion by A549 cells, which was set to 1 (calculated from the means); (C) Cell death (subG1) was measured in 
A549 cells exposed to 100 ng/mL TRAIL for 24 h in supernatant collected from the H460 and A549BTZR cells. As a control, H460 and 
A549BTZR cells were exposed to 100 ng/mL TRAIL for 24 h in fresh medium; (D) Cell death (SubG1) in the H460 and SW1573 cells 
was determined after exposure to 100 ng/mL TRAIL for 24 h in culture medium or supernatant collected from A549 cells. The values 
are the means ± SEM of at least three independent experiments, while the blots are representative of at least 3 separate experiments. 
The effect of TRAIL treatment on H460 and A549BTZR cells on induction of apoptosis (C and D) was significant (P < 0.001). TRAIL: 
TNF-related apoptosis-inducing ligand; TNF: tumor necrosis factor.

levels were not significantly altered in the A549BTZR cells. In line with this, a FACS analysis showed no
significant difference in the TRAIL receptor expression levels at the cell membrane between the parental
A549 and A549BTZR cells [Figure 5B]. Though the TRAIL receptor expression levels were not altered, the
redistribution of the TRAIL receptors into the lipid rafts may be of great importance for inducing
apoptosis[26]. Using a discontinuous sucrose density gradient, we isolated lipid rafts, which were found in
fractions 5-7, whereas the non-lipid rafts were found in fractions 8-10. In the parental A549 cells, TRAIL-R1
was mainly localized in the non-lipid rafts, while TRAIL-R2 was distributed in both the lipid and non-lipid
rafts [Figure 5B]. The A549BTZR cells demonstrated a clear shift of TRAIL-R1 into the lipid rafts compared
to the TRAIL-R1 localization in A549. Together, this finding links the lipid raft localization of TRAIL-R1
with the observed TRAIL-R1 sensitivity in the A549BTZR cells and may be mainly responsible for the
reversed TRAIL sensitivity in these cells.

TRAIL-induced apoptosis in A549BTZR cells is partially regulated by the intrinsic pathway,
independent of Bcl-xL
Other mechanisms that could be involved in the reversed TRAIL sensitivity in A549BTZR cells are
differences in the expression of Bcl-2 family member proteins. Interestingly, whereas the Mcl-1 and Bcl-2
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Figure 5. A549BTZR TRAIL-induced apoptosis was mediated via TRAIL-R1, which was redistributed into lipid rafts. (A) Cell death was 
determined in the A549 and A549BTZR cells after exposure to 100 ng/mL TRAIL, 50 ng/mL 4C7 (TRAIL-R1-specific TRAIL variant), or 
50 ng/mL D269HE195R (TRAIL-R2-specific TRAIL variant) for 24 h. The effect of TRAIL and TRAIL-R1 was significant in A549BTZR 
cells compared to A549 parental (P < 0.0001); (B) Western blot analysis of the TRAIL-R1 and -R2 expression levels in different cellular 
fractions, with fractions 5-7 and fractions 8-10 representing the lipid and non-lipid rafts, respectively. The values are the means ± SEM of 
at least three independent experiments, while blots are also representative of at least 3 separate experiments. TRAIL: TNF-related 
apoptosis-inducing ligand; TNF: tumor necrosis factor.

expressions increased in the A549BTZR cells [Figure 2], the expression of Bcl-xL was markedly reduced. In 
order to investigate the role of Bcl-xL and TRAIL sensitivity in parental A549 and SW1573 cells, we silenced 
Bcl-xL protein expression [Figure 6A]. In both the TRAIL-treated A549 and SW1573 cells, a significant 
increase in cell death was detected, from 7% up to 27% (P < 0.001) and 22% (P < 0.01), respectively. We next 
examined whether the overexpression of Bcl-xL in the A549BTZR cells would regain TRAIL sensitivity by 
stably transfecting the A549BTZR cells with a vector encoding Bcl-xL to yield A549BTZR-Bcl-xL cells and 
control A549BTZR-puro cells. A western blot analysis confirmed the increased expression of Bcl-xL in the 
A549BTZR-Bcl-xL cells compared to the control vector-transfected cells [Figure 6B]. However, the 
sensitivity of the A549BTZR-Bcl-xL cells to 100 ng/mL TRAIL was not altered [Figure 6C]. Caspase cleavage 
was determined by western blot analysis, showing the cleavage of caspase-8, caspase-9, caspase-3, and PARP 
in both cell lines after 3 h of 100 ng/mL TRAIL exposure [Figure 6D]. To validate the functioning of the 
Bcl-xL encoding vector, we also transfected TRAIL-sensitive H460 cells. Exposure to 10 ng/mL TRAIL 
strongly reduced cell death in these cells, from 33% to 10% (P < 0.05), as expected [Figure 6E].

To further explore the requirement of the intrinsic apoptotic pathway for TRAIL-induced apoptosis in 
A549BTZR and A549BTZR-Bcl-xL cells, we silenced BID expression and observed the partial inhibition of 
cell death from 36% to 22% and 54% to 39% after exposure to 100 ng/mL TRAIL in the A549BTZR and 
A549BTZR-Bcl-xL cells, respectively [Figure 6F].

Taken together, these results indicate that both the extrinsic and intrinsic apoptotic pathways are involved 
in TRAIL-induced apoptosis in A549BTZR cells. Although the intrinsic apoptotic pathway in A549BTZR 
cells is apparently not regulated by Bcl-xL, Bcl-2 and Mcl-1, as well as other Bcl-2 family members not yet 
examined, might confer the phenotypic change of TRAIL sensitivity in A549BTZR cells.

DISCUSSION
Intrinsic and acquired resistance are the main hurdles in the development of effective cancer therapies. 
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Figure 6. The intrinsic apoptotic pathway was involved in the TRAIL-induced apoptosis in the A549BTZR cells, though reduced levels of 
Bcl-xL were not a determinant. (A) The silencing of Bcl-xL, as shown by western blot analysis, resulted in enhanced cell death in the 
A549 and SW1573 cells after 24 h exposure to 100 ng/mL TRAIL; (B) A549BTZR cells were transfected with a control puromycin 
vector or a Bcl-xL-containing vector, as shown by western blot analysis; (C) Cell death was measured in the A549BTZR cells and the 
transfected variants after incubation with 100 ng/mL TRAIL for 24 h; (D) Western blot analysis was used to detect the cleavage of 
caspase-8, -9, -3, and PARP after exposure to 100 ng/mL TRAIL for several time intervals in the A549BTZR and A549BTZR-Bcl-xL 
cells; (E) Cell death was determined in the H460 and H460-Bcl-xL cells after exposure to 10 ng/mL TRAIL for 24 h; (F) Cell death was 
measured in A549BTZR and A549BTZR-Bcl-xL cells after silencing of BID. ***P < 0.001; **P < 0.01; *P < 0.05. TRAIL: TNF-related 
apoptosis-inducing ligand; TNF: tumor necrosis factor; Bcl-xL: B-cell lymphoma-extra large; BID: BH3 Interacting Domain Death 
Agonist.

Unfortunately, many cancer cell lines and tumors are intrinsically resistant to TRAIL[18]. In this study, we 
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report an enhanced TRAIL sensitivity in acquired BTZ-resistant A549 cells, whereas the parental cells 
displayed a highly resistant TRAIL phenotype. This provided us with a very interesting model to further 
investigate the underlying mechanisms of TRAIL resistance.

In our study, we found a striking increase in both the OPG mRNA and protein expressions. OPG is known 
to be a soluble decoy receptor with a lower affinity towards TRAIL compared to TRAIL-R1 and -R2, and in 
contrast to these receptors, it does not transduce an apoptotic signal[47-49]. In ovarian cancer, OPG not only 
attenuated TRAIL-induced apoptosis via a TRAIL-binding manner, but also stimulated the activation of 
pro-survival Protein kinase B (Akt) signaling via integrin/FAK signaling and inhibited TRAIL-induced 
apoptosis[50]. Higher OPG expression and secretion were found in the TRAIL-sensitive H460 and 
A549BTZR cells compared to the resistant A549 and SW1573 cells. In addition, exogenously added OPG 
was not sensitive to TRAIL-induced apoptosis in the A549 and SW1573 cells. This might indicate an 
alternative function of OPG in addition to its role in suppressing TRAIL-induced apoptosis.

Furthermore, RT-PCR and western blot analyses of the A549BTZR cells demonstrated an increased 
expression of caspase-1 and caspase-4, which are considered inflammatory caspases[51]. Caspase-1 was first 
identified as an IL-1β-converting enzyme, also capable of processing IL-18, and is now classified as a 
cytokine processor caspase, along with caspases-4, -5 and -12[52]. Although caspase-1 was described to 
activate IL-1β, secretion of this cytokine was strongly reduced in the A549BTZR cells, whereas secretion of 
IL-6 and IL-8 was evidently increased. Enhanced levels of IL-6 were described to contribute to Mcl-1 
upregulation and, subsequently, TRAIL resistance[53]. Controversially, increased levels of Mcl-1 did not 
trigger TRAIL resistance in the A549BTZR cells. Trametinib-induced FBW7-dependent Mcl-1 
ubiquitination and degradation enhanced apoptosis in colorectal cancer cell lines[54], while Tolksdorf et al. 
showed that Mcl-1 silencing may overcome the resistance of melanoma cells against TRAIL-armed 
oncolytic adenovirus[55]. However, our study showed that this effect is not very strong in NSCLC cells. 
Furthermore, the increased secretion of IL-6 and IL-8 was not sufficient to regulate TRAIL receptor and 
c-FLIP expression levels. This is in contrast to previous studies where IL-6 and IL-8 have been reported to 
increase c-FLIP expression levels and IL-8 was shown to reduce TRAIL-R1 expression levels, resulting in 
decreased TRAIL sensitivity[56-58]. These data indicate a complex tumor-cell-dependent interaction between 
TRAIL and interleukins, which may be different in NSCLC cells and needs to be investigated more in depth. 
Previous studies revealed that TRAIL by itself can increase levels of IL-8 via caspase-1 and -8 activation, 
thereby attenuating cell death[59,60], or via TRAIL-R1 (which is enhanced in the presence of TRAF2 and 
Bcl-xL)[61]. In addition, BTZ increased the IL-8 level in ovarian cancer cells[62] and in human monocytes and 
macrophages in vitro, thereby also inhibiting the expression of IL-6 and IL-1[63], which may explain why its 
expression was increased in our study. A similar observation was made in prostate cancer cell lines in which 
BTZ treatment significantly increased IL-8 levels mediated by IκB kinase (IKK)α. The inhibition of this 
kinase enhanced the BTZ-induced p65 recruitment to the IL-8 promoter and subsequently increased IL-8 
expression[64]. Similar findings were noted also in ovarian cancer cell lines[65]. The decrease in the IL-10 level 
in our study may also be stimulated by BTZ, as it was previously found in cutaneous T-cell lymphoma 
cells[66]. Another finding concerning BTZ is that it increased caspase-8, -9 and -3 activities in head and neck 
cancer cells and in gastric cancer cells[67,68]. Interestingly, the increase in caspase-3 may be mediated by the 
interaction with transmembrane and tetratricopeptide repeat-containing 2 (TMTC2) in the lipid raft 
domains. This molecule, enhancing the response for TRAIL, may be considered a potential predictive 
biomarker[69].

Exploring the role of secreted cytokines on TRAIL-induced apoptosis demonstrated that the A549 parental 
cells did not secrete any factors to inhibit TRAIL-induced apoptosis. In addition, increased levels of OPG, 
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IL-8, and IL-6 were not adequate to enhance TRAIL-induced apoptosis. Therefore, the inflammatory 
caspases might comprise an alternative role in TRAIL-induced apoptosis, since it has been described that 
the activation of caspase-4 via TRAIL-induced ER stress is required for enhanced caspase-3 activation[70]. 
Therefore, the contribution of ER stress in A549BTZR cells needs further exploration. Currently, more 
functions of caspase-1 include the activation of NF-κB[71] and induction of pyroptosis, a pathway of 
programmed cell death distinct from apoptosis, which occurs independently of caspase-8 and -3[72]. 
However, due to the high levels of both caspase-8 and -3 cleavage, it is unlikely that A549BTZR cells are 
subjected to pyroptosis, while another study showed that TRAIL induced only apoptosis but not 
necroptosis, supporting the important role of apoptotic mechanisms in TRAIL sensitivity[73]. Caspase-1 is 
also involved in the TRAIL signaling pathway, since specific caspase-1 inhibitors abrogated TRAIL-induced 
apoptosis[74-76]. In addition, caspase-1 was previously shown to be involved in the induction of TRAIL-R2-
mediated cell death in glioma cells[59]. Moreover, the pro-domain of caspase-1 is translocated into the 
nucleus to enhance Fas-mediated death signals, most likely through enhanced caspase-8 activation or 
reduced nuclear NF-κB activation[77]. Whether caspase-1 is also involved in TRAIL-R1 signaling in NSCLC 
cancer cells is unknown; however, enhanced (pro)caspase-1 might play a role in TRAIL-induced apoptosis 
in A549BTZR cells.

The trimerization of the TRAIL receptors on the cell surface, followed by the assembly of DISC and 
caspase-8 cleavage, is the initial step for TRAIL-induced apoptosis via the extrinsic pathway. Together with 
the silencing of BID, the evident cleavage of caspase-8 in A549BTZR cells further emphasizes the role of 
TRAIL receptors and DISC assembly. For several cell lines, including NSCLC cells and in our study, the 
cytotoxic effect of TRAIL receptors was most efficient when distributed in lipid rafts[22,23,78], while we also 
demonstrated that TRAIL sensitivity was particularly induced via TRAIL-R1, which was redistributed 
towards the lipid rafts, similar to gastric cancer[68]. These findings indicate a correlation between TRAIL 
receptor membrane distribution and sensitivity. Interestingly, in head and neck cancer, the major player 
was not TRAIL-R1 but TRAIL-R2[67]. Based on the literature, both receptors have no significant structural 
differences, and in various neoplasms, the dominant mechanism of apoptosis induction may be more 
related to TRAIL-R1, whereas in others, instead to TRAIL-R2. There are hypotheses that the S-
palmitoylation site present in TRAIL-R1 (but not in TRAIL-R2) or the GXXXG motif present in TRAIL-R2 
(but not in TRAIL-R1) may be determining factors[79,80]. However, appropriate studies should be conducted 
for specific neoplasms in the future.

Upon recruitment of the DISC, pro-caspase-8 can be activated. However, some studies suggest that the 
dimerization and autocleavage of caspase-8 are not sufficient for full activation[81,82]. Active caspase-8 has 
been proposed to be very unstable[82,83]. The polyubiquitination of caspase-8 by the Cullin-3 (CUL3) E3 
ligase has been shown to maintain the stability of caspase-8. Upon polyubiquitination of caspase-8, p62 is 
recruited to the DISC, followed by the translocation of the DISC, including the ubiquitinated caspase-8 and 
p62, into the cytosol to form an aggresome, which will induce cell death[81,84]. However, whether p62 or 
CUL3 is involved in the increase in TRAIL-induced apoptosis in A549BTZR cells is not yet clear. 
Interestingly, Huang et al. showed that caspase-8 cleaves BID to its truncated form, tBID[85]. However, in a 
tBID mutant knockout for the mitochondrial targeting helices (α6 and α7), apoptosis significantly decreased, 
indicating a crucial role of the outer mitochondrial membrane in TRAIL sensitivity. Moreover, a mutation 
in caspase-8 decreased TRAIL-induced apoptosis[86]. These data are in agreement with the predictive role of 
IL-8, IL-10, BID, and TNF-α in TRAIL treatment[87,88]. Caspase-8 may also cause TRAIL-mediated STAT1 
phosphorylation and the induction of IFN-related genes[89].
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In addition to the trimerization of TRAIL receptors in lipid rafts, TRAIL receptors can also trimerize when 
distributed in non-lipid rafts. This is often correlated to the activation of the secondary complex consisting 
of FADD and RIP, which initiates cell survival via the activation of NF-κB. Moreover, an enhancement of 
the NF-κB activity upon TRAIL exposure has been described for A549 cells[90,91]. Therefore, one might 
speculate that enhanced TRAIL sensitivity in A549BTZR cells was promoted by increased levels of caspase-8 
activation in combination with reduced NF-κB activity. However, NF-κB activity induced by TRAIL was 
also found in TRAIL-sensitive H460 cells[32]. In addition, Yang et al. described that resistance to the 
combination of TRAIL and BTZ in A549 spheroid models was Bcl-2-dependent and not induced by NF-κB 
activity[92], thereby questioning the relevance of NF-κB activity in TRAIL resistance. However, in ovarian 
cancer, it was demonstrated that the inhibition of the NF-κB (p65) pathway via resveratrol significantly 
increased the efficiency of TRAIL-induced apoptosis in NSCLC, while pro-survival effects by NF-κB, Akt, 
and ERK(1/2) and anti-apoptosis actions by Six1 inhibited the TRAIL-R1/TRAIL-R2 pathways[93,94]. 
Moreover, NF-κB-regulated microRNAs stimulated resistance to TRAIL[95]. CXCL1, a target for NF-κB, 
stimulated immune cell infiltration via paracrine signaling, leading to TRAIL resistance in PDAC[96]. Based 
on these results, it can be concluded that NF-κB may influence cellular behavior via various signaling 
pathways, which should be further investigated.

Bcl-2 family members have already been identified to hamper TRAIL-induced apoptosis via the intrinsic 
apoptotic pathway[38,92]. Knockdown experiments of BID revealed that TRAIL-induced apoptosis in 
A549BTZR cells was also partially regulated by the intrinsic pathway and not only exerted via the extrinsic 
apoptotic pathway.

We further explored the role of reduced Bcl-xL expression in TRAIL sensitivity. However, although 
silencing of Bcl-xL sensitizes parental A549 for TRAIL-induced apoptosis, low basal levels of Bcl-xL in 
A549BTZR cells were not responsible for enhanced TRAIL sensitivity. The importance of Bcl-xL in TRAIL 
resistance appears to be variable in different cancer types (NSCLC, pancreatic cancer, glioma) and depends 
on the apoptotic trigger(s) applied[93,97-100]. In addition to Bcl-xL, other Bcl-2 family members were also 
differentially expressed in A549BTZR cells when compared to A549 cells. Increased levels of Bcl-2 and 
Mcl-1 indicate enhanced TRAIL resistance via the intrinsic apoptotic pathway. Nevertheless, NOXA might 
counteract enhanced Mcl-1 protein levels, e.g., by relocalization of Mcl-1 to mitochondria, an effect which 
needs further investigation[101]. In addition to NOXA, TRAIL-induced activation of p38 and JNK may also 
counteract the effect of Mcl-1 expression[102]. The mRNA levels of the pro-survival protein Bcl-2-A1 were 
reduced in A549BTZR cells, which may stimulate proapoptotic signaling and sensitivity to TRAIL[103]. 
Therefore, the differences identified in the expression of proteins active in the intrinsic apoptotic pathway 
together might tip the balance towards TRAIL-induced apoptosis.

Taken together, an abundant number of alterations were found in the A549BTZR compared to the A549 
parental cells. A limitation of the study is that these aberrations were found in cells made resistant to BTZ 
and were not found in all resistant variants. These alterations might indicate increased levels of TRAIL 
resistance, such as increased Mcl-1 and Bcl-2 expression levels and enhanced secretion of OPG, IL-6, and 
IL-8. Nonetheless, A549BTZR cells show a TRAIL-sensitive phenotype. Therefore, the combination of 
several modulations contributes to TRAIL sensitivity, such as the (1) involvement of the immune system, 
with the enhanced activation of caspase-1 and -4; (2) activation of the extrinsic apoptotic pathway, which 
might be caused by TRAIL-R1 redistribution into lipid rafts; and (3) triggering of the intrinsic apoptotic 
pathway via alterations in the expression levels of multiple Bcl-2 family members. Further clarification 
regarding these mechanisms of action would provide better insight into TRAIL sensitivity and might 
provide novel therapeutic targets to reverse TRAIL resistance in NSCLC; (4) BID seems to be a major factor 
contributing to TRAIL-induced apoptosis with more influence than Bcl-2 and Mcl-1.
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