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Background: Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) triggers 

apoptosis in tumor cells, but when used alone, it is not effective in the treatment of TRAIL-

resistant tumors. Some studies have shown that gefitinib interacts with recombinant mutant 

human TRAIL (rmhTRAIL) to induce high levels of apoptosis in gefitinib-responsive bladder 

cancer cell lines; however, the molecular mechanisms underlying the anticancer effects are not 

fully understood. Several reports have shown that the death receptor 5 (DR5) plays an important 

role in sensitizing cancer cells to apoptosis induced by TRAIL. Therefore, we investigated the 

effects of the combination of drugs and the expression of the DR5 to analyze the growth of a 

gefitinib-responsive non-small cell lung cancer cell line PC9, which was treated with rmhTRAIL 

and gefitinib individually or in combination.

Methods: Human PC9 non-small cell lung cancer cells harboring an epidermal growth factor 

receptor mutation were used as a model for the identification of the therapeutic effects of gefitinib 

alone or in combination with rmhTRAIL, and cytotoxicity was assessed by MTT assays. Cell 

cycle and apoptosis were investigated using flow cytometry. Moreover, the effects of drugs on 

DR5, BAX, FLIP, and cleaved-caspase3 proteins expressions were analyzed using Western 

blot analyses. Finally, quantitative polymerase chain reaction analysis was carried out to assess 

whether rmhTRAIL and gefitinib modulate the expression of genes related to drug activity.

Results: Gefitinib and rmhTRAIL synergistically interact to inhibit cell proliferation, and 

apoptosis assessment demonstrated that associations of drug increased the apoptotic index. 

rmhTRAIL when used alone downregulated DR5 and upregulated BAX, FLIP, and cleaved-

caspase3 proteins expressions. However, results obtained in Western blot analyses demonstrated 

that the combined treatment-induced cell apoptosis was achieved involving upregulated DR5, 

cleaved-caspase3, and BAX proteins expression and downregulated FLIP protein expression. 

Moreover, quantitative polymerase chain reaction showed that gefitinib modulated the expres-

sion of targets related to rmhTRAIL activity.

Conclusion: These results indicate that epidermal growth factor receptor inhibitors enhance 

rmhTRAIL antitumor activity in the gefitinib-responsive PC9 cell line, and upregulated DR5 

expression plays a critical role in activating caspase-signaling apoptotic pathway.
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Introduction
Non-small cell lung cancer (NSCLC) is the leading cause of death due to cancer 

worldwide. Despite improvements in chemoradiotherapy and targeted therapy, the 

long-term survival of patients with NSCLC remains low. Therefore, novel and more 

effective treatments and strategies for NSCLC are critically needed.
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Apoptosis is executed through two main pathways (the 

extrinsic and intrinsic pathways), and both these pathways 

can be targeted therapeutically.1,2 Tumor necrosis factor-

related apoptosis-inducing ligand (TRAIL) belongs to a 

group of proapoptotic cytokines in the tumor necrosis factor 

superfamily.3 TRAIL is known to bind to death receptors such 

as death receptor 5 (DR5) and/or death receptor 4, and this 

binding allows for the formation of a death-inducing signal-

ing complex (DISC), resulting in the activation of caspase-

signaling pathways leading to apoptosis.4 However, tumor 

necrosis factor-related apoptosis-inducing ligand (TRAIL) 

triggers apoptosis in tumor cells, but when used alone, it is 

ineffective for the treatment of TRAIL-resistant tumors.

Epidermal growth factor receptor–tyrosine kinase 

inhibitor (gefitinib) is a targeted agent that has been ini-

tially approved for the treatment of patients with advanced 

or metastatic NSCLC who have epidermal growth factor 

receptor (EGFR) mutations.5,6 Gefitinib blocks the intra-

cellular ATP-binding site of EGFR and thereby interrupts 

downstream signal transduction. Some studies have shown 

that gefitinib interacts with recombinant mutant human 

TRAIL (rmhTRAIL) to induce high levels of apoptosis in 

gefitinib-responsive bladder cancer cell lines.7,8 However, 

the molecular mechanisms underlying the anticancer effects 

of gefitinib on TRAIL-induced apoptosis are not fully 

understood. Several reports have shown that the DR5 plays 

an important role in sensitizing cancer cells to apoptosis 

induced by TRAIL.9,10 Therefore, we used human NSCLC 

PC9 cells harboring an EGFR mutation as a model to identify 

whether the therapeutic combinations of EGFR inhibitor 

with rmhTRAIL dramatically induce apoptosis-dependent 

DR5 upregulation.

Methods
reagents
Gefitinib and rmhTRAIL freeze-dried powders obtained 

from AstraZeneca (Beijing, People’s Republic of China) 

and Shadong pharmaceuticals (Beijing, People’s Republic 

of China) were dissolved in dimethyl sulfoxide and distilled 

water, respectively, at stock concentrations of 105 mol/L 

and 106 ng/mL and diluted to indicated concentrations with 

Roswell Park Memorial Institute medium, (RPMI)-1640 

medium. RPMI-1640 medium was purchased from Gibco 

(Invitrogen, Life Technologies, Shanghai, People’s Republic 

of China). Trypsin and MTT were purchased from Sigma 

(Shanghai, People’s Republic of China). Antibodies against 

BAX, cleaved-caspase3, FLIP, and DR5, were from Cell 

Signaling Technology Inc.

cell culture and research methods
Human lung cancer A549 (adenocarcinoma), PC9 (adeno-

carcinoma), and H358 (adenocarcinoma) cells were obtained 

from Beijing institute for cancer research. Cells were grown 

in RPMI with 10% fetal bovine serum and 1% penicillin–

streptomycin. Cells were cultured in 75 cm2 flasks at 37°C 

in 5% CO
2
 and 95% air.

cytotoxicity assay
Cells were plated in six-well sterile plastic plates at 105 cells/

well to facilitate the attachment to the substrate for 24 hours. 

PC9 cells were treated with (a) gefitinib (0.01–1 μmol/L) 

for 72 hours followed by a 24-hour washout in drug-free 

medium, (b) rmhTRAIL (0.1–1,000 ng/mL) for 72 hours, 

and (c) rmhTRAIL (50 ng/mL) and gefitinib (0.01 μmol/L) 

for 72 hours, and PBS served as a blank control. At the end 

of drug exposure, 15 μL MTT solution was added, and cells 

were incubated in a humidified 5% CO
2
 atmosphere. After 

4 hours, a solubilization solution was added to allow the full 

solubilization of formazan crystals. Cell growth inhibition 

was expressed as a percentage of the absorbance of control 

cultures measured at 630 nm using a microplate reader 

(Multiskan MK3; Thermo, USA), and the 50% inhibitory 

concentration of cell growth (IC50) was calculated by Graph-

Pad Prism. All experiments were repeated three times. Drug 

interaction between gefitinib and rmhTRAIL were assessed 

using the combination index (CI), where CI,1, CI=1, and 

CI.1 indicate synergistic, additive, and antagonistic effects, 

respectively.11

cell cycle and apoptosis analyses
Cell cycle distribution was determined by measuring the 

cellular DNA content using flow cytometry. Cells were 

trypsinized, washed in PBS, fixed in 70% ice-cold ethanol 

at 4°C overnight, washed again with PBS, and stained 

with 100 mL of 50 mg/L propidium iodide at 37°C for 

30 minutes. An annexin V-FITC apoptosis detection kit 

was used to identify apoptotic and viable cells following 

the manufacturer’s instructions. The percentage of early 

apoptotic (FITC-positive and propidium iodide-negative) 

cells was calculated from the data generated by flow 

cytometry.

Western blot analyses
Lysates were separated on 12.5% sodium dodecyl sulfate 

gels before transferring to polyvinylidene difluoride mem-

branes. The membranes were probed with primary antibodies 

(DR5, BAX, FLIP, and cleaved-caspase3 at 1:500), washed 
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with Tris-buffered saline with Tween (TBST), followed by 

secondary antibodies (at 1:5,000), and conjugated with horse-

radish peroxidase. Immunoreactivities were detected using 

an ECL Plus™ kit, and quantitative data were obtained using 

molecular imaging software. Three independent experiments 

were performed.

Quantitative Pcr
Total RNA was extracted using the RNeasy kit (Qiagen). 

Two micrograms of RNA from each sample was used 

as template for cDNA synthesis with a reverse tran-

scription kit (Promega). An equal volume of cDNA 

product was used for polymerase chain reaction (PCR). 

The primers used for PCR were as follows: DR5 

(199bp), 5′–GGGATGGTCAAGGTCGGTG–3′ (for-

ward) and 5′–CAGCCACAATCAAGACTACGG–3′ 
(reverse); caspase3 (165 bp), 5′–AGAACTG GACTGTG 

GCATTGAG–3′ (forward) and 5′–GCACAAAGCGA 

CTGGATGAA–3′ (reverse); actin (205 bp), 5′–TGACGT 

GGACATCCGCAAAG3′ (forward) and 5′–CTGGAAG 

GTGGACAGCGAGG–3′ (reverse). The quantitative PCR 

(qPCR) reactions were run with an FTC2000 sequence 

detection system (initial incubation at 95°C for 4 minutes 

followed by 40 cycles of 95°C for 20 seconds, 60°C for 

30 seconds, and 72°C for 30 seconds for extension), and 

the resulting data were analyzed using Sequence Detection 

System software. Samples were assigned a Ct value for each 

gene (the cycle number at which the logarithmic PCR plots 

cross a fixed threshold).

Mutation analysis
PCR products were directly sequenced to reveal possible 

mutations. Samples identified as wild type were used as 

negative controls, and samples mutated with a 746–751 

deletion in exon 19 or an L858R mutation in exon 21 of the 

EGFR gene, were used as positive controls. Water was used 

as a blank control. The KRAS gene harbors two hot spots for 

activating mutations (KRASG12/13).

statistical analysis
All experiments were repeated independently for a minimum 

of three times and expressed as mean values with 95% con-

fidence intervals. All statistical calculations were performed 

using SPSS software and GraphPad Prizm 5.0. Statistical 

analysis was carried out using the chi-square test, Fisher’s 

exact test, nonparametric analysis of variance (ANOVA), 

and independent-samples t-test. Differences were considered 

significant when P#0.05.

Results
Molecular characteristics and cytotoxicity 
of gefitinib and rmhTRAIL in human 
nsclc cell line Pc9
The status of EGFR and KRAS gene mutation of human 

NSCLC cells including A549, H358, and PC9 were exam-

ined. Only PC9 cells harbor an in-frame deletion in exon 19 

of EGFR and were found to be highly sensitive to gefitinib.12 

To confirm KRAS mutation in NSCLC cell lines, direct DNA 

sequencing of KRAS exon 2 was performed. Wild-type 

sequence was detected in PC9, whereas others cells had a 

point mutation (Figure 1). Our study showed the cytotoxic 

effect in human PC9 cell line by gefitinib or rmhTRAIL in 

a concentration- and time-dependent manner. Gefitinib was 

cytotoxic against PC9 cells with IC50s of 0.02±0.01 μmol/L. 

Cell growth inhibition was also observed after 72 hours of 

exposure to rmhTRAIL, with IC50s of 84.9±9.86 ng/mL 

in PC9 cells (Figure 2). As had been found previously for 

TRAIL receptor targeting therapies in NSCLC, PC9 cells 

were considered nonsensitive to rmhTRAIL.8

Assay of interaction between gefitinib 
and rmhTrail
As human PC9 NSCLC cells that carry an EGFR mutation 

were shown to be very sensitive to gefitinib and nonsensi-

tive to rmhTRAIL, this cell line was selected as a model 

to evaluate the cytotoxic interaction between gefitinib and 

rmhTRAIL. Since the CI method recommends a ratio of 

IC50 values at which drugs are equipotent, combination 

studies were carried out at different doses (0.005 μmol/L, 

0.01 μmol/L, 0.05 μmol/L, 0.1 μmol/L, 0.5 μmol/L) of 

gefitinib and rmhTRAIL (50 ng/mL), whereas for individual 

studies, doses (5 ng/mL, 10 ng/mL, 25 ng/mL, 50 ng/mL, 

125 ng/mL) of rmhTRAIL and gefitinib (0.01 μmol/L) at dif-

ferent time points (24 hours, 48 hours, 72 hours) were studied. 

The growth inhibition increased when rmhTRAIL was com-

bined with gefitinib at a certain dose for 48 hours–72 hours 

(Figure 2). The analysis of drug interaction revealed syn-

ergistic effects (CI,1) at 50% effect level on cell growth 

inhibition in combination treatments (Table 1).

induction of apoptosis and cell cycle 
change
Apoptosis and cell cycle distribution were analyzed using 

flow cytometry after single agent and concurrent drug treat-

ment for 48 hours. Upon exposure to gefitinib, rmhTRAIL, 

and their combinations, lung cancer cells presented typical 
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Figure 1 EGFR and KRAS gene mutation of human nsclc cells.
Notes: The first graph represents the KRAS gene mutation. The second graph represents the EGFR gene mutation. Only PC9 cells harbor an in-frame deletion in exon 19 of EGFR.
Abbreviations: NSCLC, non-small cell lung cancer; N, control (PC9 cells); T, rmhTRAIL; G, gefitinib; T + G, combination treatment.

Figure 2 (A) Cytotoxicity of gefitinib and rmhTRAIL in human NSCLC PC9 cell lines. It is showed the cytotoxic effect in human NSCLC cell lines by gefitinib or rmhTRAIL 
in a concentration- and time-dependent manner; (B) Interaction between gefitinib and rmhTRAIL in PC9 cells.
Notes: The graph on the left-hand side shows rmhTRAIL (50 ng/mL) with gefitinib at different doses. The graph on the right-hand side shows gefitinib (0.01 μmol/l) with 
rmhTrail at different doses.
Abbreviations: rmhTRAIL, recombinant mutant human tumor necrosis factor-related apoptosis-inducing ligand; NSCLC, non-small cell lung cancer; h, hours; G, gefitinib.
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Table 1 Synergistic effects of gefitinib combination with rmhTRAIL in different concentration (C1)

C1 G + T

G (μmol/L) T (ng/mL)

5 10 25 50 125

24 h 0.01 1.08±0.001 1.04±0.001 1.03±0.002 0.98±0.001 0.91±0.001
48 h 0.01 1.19±0.001 1.17±0.001 0.82±0.001 0.79±0.003 0.86±0.001
72 h 0.01 1.15±0.005 1.00±0.018 0.86±0.001 0.69±0.003 0.59±0.003

C1 G + T

T (ng/mL) G (μmol/L)

0.005 0.01 0.05 0.1 0.5
24 h 50 1.05±0.002 0.98±0.001 0.92±0.001 0.83±0.001 0.77±0.001
48 h 50 1.17±0.001 0.97±0.001 0.92±0.003 0.93±0.007 0.83±0.018
72 h 50 1.2±0.005 0.94±0.001 0.77±0.022 0.61±0.001 0.67±0.182

Notes: G indicates gefitinib; T indicates rmhTRAIL.
Abbreviation: rmhTRAIL, recombinant mutant human tumor necrosis factor-related apoptosis-inducing ligand; h, hours.

apoptotic morphology with cell shrinkage, nuclear frag-

mentation, and cellular rupture into debris. The occurrence 

of apoptosis was significantly higher in cells treated with 

gefitinib and rmhTRAIL as single agents with respect to con-

trols (Figure 3). Moreover, the combination of the two drugs 

enhanced apoptotic cell death with respect to monotherapy in 

PC9 cell lines (Table 2). rmhTRAIL, at IC50 levels, enhanced 

cellular population with sub-G1 DNA content with respect to 

controls, whereas after 48 hours of treatment with gefitinib, 

G1 cell cycle arrest was induced. However, the appearance 

Figure 3 induction of apoptosis and cell cycle change. (A) Apoptosis in following single agent and in combination treatment: 1: Control (PC9 cells); 2: rmhTRAIL; 3: Gefitinib; 
4: combination treatment. (B) Cell cycle distribution in following single agent as well as combination treatment: 1: Control (PC9 cells); 2: rmhTRAIL; 3: Gefitinib; 4: combination 
treatment. (C) Two drug combinations enhance apoptotic cell death with respect to monotherapy. N: Control (PC9 cells); T: rmhTRAIL; G: gefitinib; T + G: combination 
treatment.
Notes: *indicates P,0.05; **indicates P,0.01 versus the experimental value.
Abbreviation: rmhTRAIL, recombinant mutant human tumor necrosis factor-related apoptosis-inducing ligand.
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Table 2 Gefitinib combination with rmhTRAIL enhances apoptosis of PC9 cells

Group Gefitinib (G) rmhTRAIL (T) Combination (G + T) N (PC9 cell) P-value

Dip g1 (%) 94.94±0.92 54.98±0.21 88.33±0.71 55.07±1.51 ,0.001
Dip s (%) 2.99±0.81 22.83±0.37 5.54±1.63 27.12±1.1 0.001
Dip g2 (%) 3.08±0.32 22.2±0.58 6.125±0.91 17.81±0.41 ,0.001
apoptosis 5.92±0.83 3.49±0.32 10.25±1.03 0.16±0.15 0.001

Note: Data are shown as mean ± standard deviation. 
Abbreviations: rmhTRAIL, recombinant mutant human tumor necrosis factor-related apoptosis-inducing ligand; Dip, diploid.

of a sub-G1 peak was significantly increased by rmhTRAIL 

and gefitinib (Figure 3).

Combined gefitinib and rmhTRAIL 
treatment mediates the expression 
of various apoptotic proteins
To investigate the role and mechanism by which gefitinib 

enhanced TRAIL-induced apoptosis, the level of apoptosis 

signaling molecules, such as DR5, BAX, FLIP, and cleaved-

caspase3 proteins, of the extrinsic or death receptor pathway 

was evaluated. Our results suggest that EGFR inhibitors 

sensitized rmhTRAIL antitumor activity in NSCLC cell 

line via upregulation of DR5, cleaved-caspase 3, and BAX 

expression, and downregulation of FLIP protein expression 

(Figure 4).

Modulation of gene expression of Dr5 
and caspase3 genes by gefitinib and 
rmhTrail
Gefitinib and rmhTRAIL downregulated DR5 gene expres-

sion in PC9 cells. A significantly enhanced gene expression of 

DR5 and caspase3 was observed in PC9 cells after treatment 

with gefitinib and rmhTRAIL (Figure 4).

Discussion
EGFR inhibitors have been important therapies for NSCLC. 

Studies have shown that EGFR-TKIs, such as gefitinib, can 

produce objective response and prolong progression-free 

survival in patients with NSCLC with EGFR mutation.13–15 

TRAIL therapy is effective against many cancer types, 

including NSCLC; yet, in some NSCLC cell lines, the effect 

is limited.16 Inherent tumor resistance may be a major bar-

rier to effective TRAIL-targeted therapy,17 indicating that 

sensitization of cancer cells to the TRAIL-induced apoptotic 

pathway is likely to be an important anticancer strategy. How-

ever, it is unclear whether gefitinib enhances TRAIL-induced 

apoptosis of NSCLC cells. In the present study, our results 

show that rmhTRAIL had a dose-dependent cytotoxic effect 

in NSCLC PC9 cell line, and this effect became significant 

at high MOL. Furthermore, rmhTRAIL in combination with 

gefitinib significantly suppressed the growth of gefitinib-

sensitive PC9 cells, suggesting that gefitinib enhances 

sensitivity of cancer cells to the apoptotic agent TRAIL 

and enhances its potential use as a novel strategy to current 

cancer therapies.

TRAIL induces death of malignant cells or apoptosis via 

the extrinsic apoptotic pathway, and the EGFR pathway and 

extrinsic apoptosis pathway interact closely in epithelial-

derived cells.18 Some studies showed that EGF protects 

epithelial-derived cells from TRAIL-induced apoptosis.19 

Therefore, inhibition of the EGFR pathway may enhance 

TRAIL-induced apoptosis. However, the basis of synergis-

tic interaction between gefitinib and rmhTRAIL remains 

unclear. In the present work, we used human NSCLC cell 

line PC9 that harbors an EGFR mutation as a gefitinib-

sensitive model to examine the effect of events involved in 

the inhibition of cell proliferation and cell death induced by 

gefitinib, rmhTRAIL, or the combination of both. Prolifera-

tion of PC9 cell line was inhibited when low concentration 

of rmhTRAIL was combined with EGFR-TKIs, at which the 

inhibitors had light-to-mild cytotoxic effects. We selected the 

PC9 cell line, which was responsive to EGFR inhibitors and 

had obvious loss of cell viability after combination treatment, 

to determine whether this synergism was dependent on the 

enhancement of rmhTRAIL activity. As shown in our study, 

gefitinib and rmhTRAIL caused a time- and concentration-

dependent inhibition of cell growth as single agents in PC9 

lung cancer cells. The exposure of PC9 cells to combination 

regimes results in synergistic effect in the inhibition of cell 

proliferation and apoptotic cell death as verified by the results 

obtained from MTT assay and the assessment of sub-G1 cells 

by flow cytometry.

However, the molecular mechanisms underlying the 

anticancer effects of gefitinib on TRAIL-induced apop-

tosis are not fully understood. The binding of TRAIL to 

TRAIL-R1 (DR4) or TRAIL-R2 (DR5) results in trimeriza-

tion of the receptors and formation of a DISC consisting of 

Fas-associated death domain protein and procaspase-8 that 

is then cleaved and activated. The protein c-FLIP can also 
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Figure 4 The expression of various apoptotic proteins (A, B), differentially expressed of apoptotic proteins in human nsclc Pc9 cell lines (C), and Dr5 and caspase3 gene 
expression in PC9 cells in following single agent as well as combination treatment (D).
Notes: The two drug combinations up-regulated DR5, cleaved-caspases 3 and BAX protein expression; and down-regulated FLIP protein expression. A significantly enhanced 
gene expression is observed in PC9 cells after gefitinib and rmhTRAIL treatment (D).

be used in the DISC thereby preventing caspase-8 binding 

and activation leading to suppression of apoptosis.20,21 The 

extrinsic apoptotic pathway initiated by caspase-8 activation 

will be sufficient for irreversible apoptosis activation directly 

through caspase3 activation, although often cross-activation 

of the intrinsic route via caspase-8-dependent Bid cleavage 

is required, as is the case for NSCLC cells.7 Our results 

showed that rmhTRAIL when used alone caused significant 

decrease in the levels of DR5 protein and increased c-FLIP 

protein expression in NSCLC PC9 cells. It is suggested that 

the downregulation of DR5 and upregulation of c-FLIP were 

resistant to cell death for PC9 cells exposed to rmhTRAIL. 

Interestingly, combination treatment can increase the levels 

of cleaved-caspase3 and downregulate FLIP expression, 

emphasizing the specific effect of upregulation of DR5 

protein and gene expression compared with rmhTRAIL 

when used alone. The increased level of DR5 expression, 

leading to stimulation of the death receptor pathway, seems 

to be the cause of the activation of caspase3. Therefore, 

enhanced TRAIL-induced apoptosis by gefitinib-induced 

DR5 upregulation is associated with increased activation of 

the caspase cascade and apoptosis. In addition, in accordance 

with the previous reports demonstrating the relationship 

between gefitinib-induced mitochondrial dysfunction and 

cell apoptosis,22 we also showed that gefitinib increased the 

mitochondrial apoptosis proteins such as BAX, leading to 

the enhanced apoptosis of cancer cells to TRAIL.

Conclusion
In summary, our results demonstrate that combination 

of rmhTRAIL and gefitinib could improve sensitivity to 

rmhTRAIL in gefitinib-sensitive NSCLC cells by upregula-

tion of DR5, BAX, and cleaved-caspase3 expression and 

downregulated c-FLIP expression involved in extrinsic and 

intrinsic apoptotic pathways. However, in vitro drug trials 

may be different from that of in vivo given the impact of 

human pharmacokinetics. Usually, drug tests are more com-

plex in vivo. For this reason, our findings may need further 

research to clarify the molecular mechanisms underlying the 

present important results, but this research provided us with 

a promising treatment that will bring hope to the clinical 

treatment of patients with NSCLC.
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