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Abstract: Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a promising 

chemotherapeutic agent because of its selective apoptotic action on cancer cells. However, resistance 

to TRAIL-induced apoptosis remains a challenge in many cancers. The gintonin-enriched Panax 

ginseng extract fraction (GEF) has diverse pharmacological benefits. We explored the combined 

efficacy of GEF and TRAIL in inducing apoptosis in human renal cell carcinoma (RCC) cells. The 

effect of GEF treatment on viability, clonogenic potential, wound healing, and TRAIL-induced 

apoptotic signaling of RCC cells was studied in vitro. Our investigation revealed that GEF pre-

treatment sensitized RCC cells to TRAIL-induced apoptosis, as evidenced by DNA fragmentation 

and cell proliferation, colony formation, and migration inhibition. This sensitization was linked to 

the upregulation of death receptors 4 and 5 and alterations in apoptotic protein expression; notably, 

decreased expression of Mu-2-related death-inducing gene, a novel anti-apoptotic protein. Our 

findings underscore the necessity of caspase activation for GEF/TRAIL-induced apoptosis using the 

pan-caspase inhibitor Z-VAD-FMK. It demonstrates that GEF sensitizes human RCC cells to TRAIL-

induced apoptosis by upregulating DR4/5 and modulating apoptotic protein expression. These 

findings suggest a promising strategy for overcoming TRAIL resistance in cancer therapy and 

highlight the potential of GEF as a valuable adjunct to TRAIL-based treatments. 

Keywords: tumor necrosis factor-related apoptosis-inducing ligand; gintonin-enriched fraction; 

human renal cell carcinoma; apoptosis; mu-2-related death-inducing gene 

 

1. Introduction 

Renal cell carcinoma (RCC) is the most common kidney cancer and a global health concern [1], 

with over 400,000 new cases reported in 2020 [2]. Although surgery is the standard treatment for 

localized RCC, the recurrence rate is high [3]. Advanced RCC treatment options such as 

immunotherapy and targeted therapies are promising but have limited efficacy [4–6]. Therefore, safer 

and more effective treatments for metastatic RCC are urgently needed. 

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), a key member of the tumor 

necrosis factor (TNF) superfamily, selectively induces apoptosis in cancer cells [7,8] by binding to 

death receptors 4 and 5 (DR4/5) receptors [9], triggering intracellular signaling, and leading to 

programmed cell death [10]. However, cancer cells often resist TRAIL-induced apoptosis because of 

altered receptor expression and apoptotic protein dysregulation [11]. Combining TRAIL-based 

therapies with agents that sensitize cancer cells to apoptosis holds promise in overcoming drug 

resistance and advancing therapeutic strategies. 
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Ginseng, a revered herb in Asia, has potential health benefits due to its adaptogenic properties 

[12]. Recent studies have identified gintonin, a novel glycolipoprotein distinct from traditional 

ginsenosides, which activates G protein-coupled receptors, particularly LPA receptors [13,14]. A 

gintonin-enriched Panax ginseng extract fraction (GEF) was prepared to harness the potency of 

gintonin through ethanol extraction and water fractionation [15]. GEF and gintonin exhibit diverse 

pharmacological effects, including neuronal protection, anti-inflammatory action, and the 

suppression of cancer cell metastasis [16–19]. 

Mu-2-related death-inducing gene (MUDENG, MuD), a novel gene structurally similar to the 

Mu-2 adaptin subunit, is involved in intracellular trafficking mechanisms [20,21] and apoptotic 

signaling pathways [21–24]. It plays a role in TRAIL-induced apoptosis by interacting with key 

molecules, such as caspase-3, BH3 interacting-domain death agonist (Bid), and B-cell lymphoma 

(Bcl)-2 [24]. 

In this study, we explored the effects of GEF on TRAIL-induced apoptosis in human RCC cells. 

Our findings revealed that GEF augmented DR4/5 expression and potentiated caspase-dependent 

TRAIL-induced apoptosis in these cells. 

2. Results 

2.1. GEF Enhances TRAIL-induced Cell Death and Inhibits Proliferation in Human RCC Cells 

We initially evaluated the effects of GEF and TRAIL on RCC cell viability using WST-1 assay. 

Treatment of 786-O cells with 100, 200, and 400 μg/mL GEF reduced cell viability dose-dependently 

(Figure 1A). Pre-treatment with 100 μg/mL GEF followed by 50 or 100 ng/mL TRAIL treatment 

significantly reduced cell viability compared with GEF pre-treatment alone (Figure 1A). Notably, the 

combination of 100 μg/mL GEF and 50 ng/mL TRAIL synergistically affected cell viability, suggesting 

potential cooperation between the two treatments (Figure 1A). This concentration combination was 

selected for subsequent experiments. 

 

Figure 1. Gintonin-enriched Panax ginseng extract fraction (GEF) enhances the sensitivity of human 

renal cell carcinoma (RCC) cells to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). 

(a, b) 786-O and A498 cells were pre-treated with varying GEF concentrations or DMSO for 12 h, 
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followed by TRAIL treatment with or without GEF for another 12 h. Cell viability was assessed using 

the WST-1 assay. (c) Morphological changes in cells after 12 h of pre-treatment with GEF followed by 

TRAIL treatment (40× magnification). Data represent mean ± standard deviation (SD) of three 

independent experiments, with statistical significance denoted as *P<0.05, **P<0.01, ***P<0.001 

compared to the untreated control group. 

A498 cells were more sensitive to TRAIL than 786-O cells. Thus, they were treated with 10, 15, 

or 20 ng/mL TRAIL for 12 h after pre-treatment with 100 or 200 μg/mL GEF for the same duration. 

Treatment with 200 μg/mL GEF followed by 10, 15, or 20 ng/mL TRAIL treatment decreased A498 

cell viability to 47.55±2.57%, 30.08±2.78%, or 21.77±4.68%, respectively (Figure 1B). Even after the 100-

μg/mL GEF pre-treatment, A498 cell viability significantly reduced upon subsequent TRAIL 

treatment (Figure 1B). Therefore, for further investigations, A498 cells were pre-treated with 200 

μg/mL GEF for 12 h followed by treatment with 10 ng/mL TRAIL for another 12 h. 

The morphology of both 786-O and A498 cells altered after 12 h of pre-treatment with GEF, 

followed by TRAIL treatment for another 12 h, whereas no significant changes were observed when 

treated individually (Figure 1C). Moreover, combined TRAIL treatment following GEF pre-treatment 

decreased both 786-O and A498 cell counts (Figure 1C). These findings highlight the ability of GEFs 

to sensitize RCC cells to TRAIL, indicating a synergistic effect in suppressing RCC cell proliferation. 

2.2. GEF Synergistically Potentiates TRAIL-induced Inhibition of Colony Formation and Cell Migration in 

Human RCC Cells. 

To assess the effect of GEF and TRAIL on colony formation and migration in 786-O and A498 

RCC cells, we performed colony formation and wound healing assays. In both assays, pre-treatment 

with GEF followed by TRAIL treatment markedly suppressed colony formation (Figure 2A). While 

individual GEF or TRAIL administration did not significantly alter colony formation, the colony 

count reduced to 33.54±5.32% and 27.89±5.33% in 786-O and A498 cells, respectively, upon TRAIL 

treatment following GEF pre-treatment. 

 

Figure 2. Combination of gintonin-enriched Panax ginseng extract fraction (GEF) and tumor necrosis 

factor-related apoptosis-inducing ligand (TRAIL) suppresses clonogenic formation and migration of 
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human renal cell carcinoma (RCC) cells. (a) 786-O and A498 cells were pre-treated with or without 

GEF for 12 h, followed by TRAIL treatment with or without GEF for an additional 12 h before 

reseeding. Colony formation results are shown on the left, with the percentage of stained colonies 

displayed in the graph on the right. (b) and (c) The cells were scratched and pre-treated similarly 

before wound size measurement. Data represent mean ± standard deviation (SD) of three 

independent experiments, with statistical significance denoted as *P<0.05, **P<0.01, ***P<0.001 

compared to the untreated control group. 

Wound healing assays showed that individual GEF or TRAIL treatments modestly reduced 

wound closure rates in 786-O (Figure 2B) and A498 (Figure 2C) cells compared to controls. However, 

the wound closure rates significantly decreased in both cell lines following GEF pre-treatment 

followed by TRAIL treatment (Figure 2B and 2C), highlighting the potent inhibitory effects of the 

combination of GEF and TRAIL on cell growth and migration. 

2.3. GEF Augments TRAIL-induced Apoptosis and DNA Fragmentation in Human RCC Cells 

Apoptosis assays using Annexin V/PI staining revealed a significant increase in the apoptotic 

cell population in both 786-O and A498 cells following pre-treatment with GEF and subsequent 

TRAIL administration (Figure 3A). Treatment with GEF or TRAIL alone marginally increased 

apoptosis. Notably, the distribution of apoptotic cell populations differed between the two cell lines: 

786-O cells exhibited a higher and lower proportion of early and late apoptotic cells than A498 cells, 

respectively. 

 

Figure 3. Combination of GEF and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 

triggers apoptosis and DNA fragmentation in human renal cell carcinoma (RCC) cells. (a) 786-O and 

A498 cells were pre-treated with or without GEF for 12 h, followed by TRAIL treatment with or 
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without GEF for another 12 h. Flow cytometry analysis was conducted to assess cell apoptosis. (b, c) 

Cells underwent similar pre-treatment before terminal deoxynucleotidyl transferase-mediated dUTP 

nick-end labeling (TUNEL) staining to observe DNA fragmentation. The proportion of TUNEL-

positive cells was quantified. Data represent mean ± standard deviation (SD) of three independent 

experiments, with statistical significance denoted as *P<0.05, **P<0.01, ***P<0.001 compared to the 

untreated control group. 

The terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay 

confirmed that GEF amplified TRAIL-induced DNA fragmentation in 786-O and A498 cells. 

Treatment with TRAIL following GEF pre-treatment significantly increased the number of TUNEL-

positive cells in both cell lines (Figure 3B and 3C). Notably, TRAIL treatment alone noticeably 

increased the number of TUNEL-positive A498 cells, indicating sensitivity to TRAIL-induced 

apoptosis. These findings highlight the potential of GEF to enhance TRAIL-induced apoptosis and 

DNA fragmentation in RCC cells. 

2.4. GEF Upregulates DR4/5 Expression in Human RCC Cells 

GEF treatment significantly upregulated DR4/5 mRNA and protein levels in 786-O and A498 

cells (Figure 4A and 4B). Furthermore, cell surface staining revealed a >two-fold increase in DR4 and 

DR5 expression following GEF treatment compared to that in the control groups (Figure 4C). These 

findings confirm that GEF enhances DR4/5 expression in RCC cells. 

 

Figure 4. Gintonin-enriched Panax ginseng extract fraction (GEF) elevates death receptors 4 and 5 

(DR4/5) expression in human renal cell carcinoma (RCC) cells. (a) 786-O and A498 cells underwent 12 

h pre-treatment with GEF, followed by 12 h treatment with tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL). RT-qPCR was used to analyze DR4 and DR5 mRNA levels. (b) Cells 

received pre-treatment with GEF for 12 h before exposure to various TRAIL concentrations for 

another 12 h. Western blot analysis quantified DR4 and DR5 protein levels relative to that in controls. 
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(c) After 24-h treatment with GEF or DMSO, flow cytometry assessed cell surface DR4 and DR5 

expression. Data represent mean ± standard deviation (SD) of three independent experiments, with 

statistical significance denoted as *P<0.05, **P<0.01, ***P<0.001 compared to the untreated control 

group. 

2.5. Combination of GEF and TRAIL Modulates Apoptotic Protein Expression in Human RCC Cells 

Western blot analysis confirmed that the combination of GEF and TRAIL increased cleaved 

PARP, cleaved caspase-3, and Bax expression and decreased MuD, Bcl-2, and full-length Bid 

expression in both 786-O and A498 cells (Figure 5A). Notably, GEF treatment alone decreased MuD 

expression but increased Bax expression (Figure 5A). 

 

Figure 5. Combination of gintonin-enriched Panax ginseng extract fraction (GEF) and tumor necrosis 

factor-related apoptosis-inducing ligand (TRAIL) regulates the expression of apoptotic proteins. (a) 

786-O and A498 cells underwent 12 h pre-treatment with specified GEF concentrations, followed by 

12 h treatment with specified TRAIL concentrations. Western blot analysis assessed apoptotic protein 

expression levels relative to controls. (b, c) Cells received 12 h pre-treatment with specified GEF 

concentrations before exposure to specified TRAIL concentrations for an additional 12 h. 

Immunoprecipitation using death receptor 4 (DR4) and DR5 Abs was followed by western blot 

analysis of Caspase-8 and Fas-associated death domain (FADD). Relative expression levels were 

compared to those in the untreated control group. Data represent mean ± standard deviation (SD) of 

three independent experiments, with statistical significance denoted as *P<0.05, **P<0.01, ***P<0.001 

compared to the untreated control group. 

Immunoprecipitation assays targeting DR4 and DR5 were performed to elucidate their 

interactions with Fas-associated death domain (FADD) and caspase-8 in 786-O and A498 cells. GEF 

pre-treatment followed by TRAIL treatment significantly enhanced the interactions of 

FADD/caspase-8 with DR4 and DR5 (Figure 5B and 5C). These results suggest that the combination 

of GEF and TRAIL promotes apoptosis by facilitating the binding of TRAIL to DR4/5, leading to the 

recruitment of FADD and caspase-8, which are key components of the extrinsic apoptosis pathway 

in RCC cells. Overall, these findings highlight the potential of GEF and TRAIL combination therapy 
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to induce apoptosis by modulating apoptotic proteins involved in both extrinsic and intrinsic 

pathways. 

2.6. Apoptosis Induced by GEF/TRAIL in Human RCC Cells Relies on Caspase Activity 

Pan-caspase inhibitors were used to explore the mechanism of GEF/TRAIL-induced apoptosis 

in 786-O and A498 cells. The combination treatment significantly increased the apoptotic cell 

population compared to that in the controls in both cell lines. However, pre-treatment with Z-VAD-

FMK, a pan-caspase inhibitor, neutralized this effect (Figure 6A), indicating the involvement of 

caspase activation in apoptosis. 

 

Figure 6. Gintonin-enriched Panax ginseng extract fraction (GEF)/ tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL)-induced apoptosis relies on caspase activity in human renal cell 

carcinoma (RCC) cells. (a) 786-O and A498 cells were pre-treated with 20 μM Z-VAD-FMK for 1 h, 

followed by 12 h treatment with or without GEF. Subsequently, the cells received 12 h treatment with 

or without TRAIL. Cell apoptosis was quantified using flow cytometry . (b) 786-O and A498 cells 

underwent 1 h pre-treatment with 20 μM Z-VAD-FMK, followed by 12 h treatment with specified 

GEF concentrations. Subsequent 12 h treatment with specified TRAIL concentrations was performed, 

and the cell viability was assessed using the WST-1 assay. Data represent mean ± standard deviation 

(SD) of three independent experiments, with statistical significance denoted as *P<0.05, **P<0.01, 

***P<0.001 compared to the untreated control group. 

The WST-1 assay demonstrated a significant reduction in cell viability following GEF pre-

treatment and TRAIL treatment, which was reversed by Z-VAD-FMK pre-treatment in both cell lines 

(Figure 6B). These results highlight the caspase-dependent mechanism underlying GEF/TRAIL-

induced apoptosis in human RCC cells. 

3. Discussion 

We have previously detailed the extraction method and characteristics of the extracted GEF 

[15,25]. To summarize briefly, GEF comprises approximately 7.5% linoleic acid (C18:2), 2.8% palmitic 

acid (C16:0), and 1.5% oleic acid (C18:1). In addition, GEF contains around 0.2% lysophosphatidic 

acid (LPA) C18:2, 0.06% LPA C16:0, and 0.02% LPA C18:1. It also includes 0.13% 
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lysophosphatidylinositol, 0.08% lysophosphatidylcholine, and 0.03% 

lysophosphatidylethanolamine. Furthermore, GEF consists of approximately 1% phosphatidic acid 

(PA) 16:0-18:2, 0.5% PA 18:2-18:2, and 0.2% PA 16:0-18:1. Our research indicated that LPA C18:2 is a 

significant active component in gintonin. We have shown that GEF affects neuronal cells via LPA 

receptor activation [26] and stimulates insulin secretion through mechanisms that do not involve LPA 

receptors, implying the presence of other bioactive lipids in GEF besides LPAs [25].  

In this study, we investigated how GEF affects TRAIL-induced apoptosis in human RCC cells. 

Our results demonstrate that GEF enhances DR4/5 expression and boosts the decreased MuD 

expression as well as TRAIL-triggered caspase-dependent apoptosis in these cells. This highlights the 

potential of GEFs in sensitizing RCC cells to TRAIL-induced apoptosis and offers a promising 

therapeutic strategy. Considering that TRAIL selectively induces apoptosis in cancer cells and the 

observed resistance in various cancer types, the synergistic effect of GEF and TRAIL holds significant 

therapeutic promise. 

Ginseng-derived GEF exhibits diverse biological effects, including anti-inflammatory and 

anticancer properties [17,19]. Our study revealed the novel role of GEF as a sensitizer to TRAIL-

induced apoptosis by upregulating DR4/5, which are essential for the extrinsic apoptosis pathway 

and TRAIL targeting [27–30]. Consistent with previous findings [27,28], GEF-induced DR4/5 

upregulation enhanced TRAIL-induced apoptosis (Figure 4). Additionally, combined GEF and 

TRAIL treatment not only inhibited cell proliferation, colony formation, and migration but also 

intensified DNA fragmentation (Figure 1‒3), highlighting its potent apoptotic impact. Notably, the 

early apoptotic 786-O cell population was larger than the early apoptotic A498 cell population (Figure 

3A), indicating a delayed apoptotic signaling response, possibly due to higher TRAIL resistance in 

786-O cells. The involvement of caspase activity, as shown by the effects of the pan-caspase inhibitor, 

Z-VAD-FMK, further confirmed the caspase-dependent nature of GEF/TRAIL-induced apoptosis 

(Figure 6). 

Our investigation revealed a decrease in the levels of the anti-apoptotic protein MuD after GEF 

and TRAIL treatment (Figure 5), suggesting its potential role in facilitating apoptosis. This interplay 

between GEF and MuD may offer novel avenues for enhancing TRAIL-based therapies for RCC. 

Owing to the implications of MuD in apoptotic signaling pathways [24,31] and its increased 

expression in kidney cancer, understanding its regulation may reveal promising therapeutic targets 

for RCC [32]. GEF-mediated MuD modulation presents a mechanism through which ginseng-derived 

compounds influence cell fate determinants, particularly in RCC, where resistance to apoptosis is a 

significant challenge in treatment strategies. 

Our findings extend beyond RCC and highlight the potential use of GEFs in cancer therapy. GEF 

has diverse pharmacological effects, including anti-inflammatory activity and cancer cell metastasis 

inhibition. Thus, combining GEF with TRAIL is a promising strategy for TRAIL-resistant cancers [16–

19]. However, further research should aim to understand the molecular mechanisms underlying the 

GEF-mediated DR4/5 expression modulation and their impact on MuD function. In addition, a 

follow-up study is needed to determine the active ingredient in GEF involved in TRAIL-mediated 

apoptosis. Assessing the in vivo therapeutic efficacy and potential side effects of the GEF/TRAIL 

combination therapy is crucial. Exploring this approach for other TRAIL-resistant cancers is 

promising for transformative advancements in oncology. 

Our study emphasizes the importance of investigating the effect of natural compounds such as 

GEF in cancer research. Identifying bioactive constituents from sources, such as ginseng opens new 

avenues for developing adjunctive cancer therapies as incorporating natural products into 

conventional treatments holds promise for overcoming drug resistance and improving patient 

outcomes. 

In summary, our study demonstrates that GEF sensitizes human RCC cells to TRAIL-induced 

apoptosis by upregulating DR4/5 and modulating apoptotic protein expression (Figure 7). These 

findings suggest a promising strategy for overcoming TRAIL resistance in cancer therapy and 

highlight the potential of GEF as a valuable adjunct to TRAIL-based treatments. 
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Figure 7. Schematic representation illustrating the induction of apoptosis by the combined action of 

gintonin-enriched Panax ginseng extract fraction (GEF) and tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL). 

4. Materials and Methods 

4.1. GEF Preparation 

GEF was extracted and lyophilized from Panax ginseng as described previously [15]. The dried 

GEF powder was stored at −80 °C and dissolved in dimethyl sulfoxide (DMSO) prior to cell treatment. 

4.2. Cell Culture 

Human RCC cells (786-O, A498) from ATCC (Manassas, Virginia, USA) were cultured in RPMI 

1640 and DMEM supplemented with 10% FBS, 10,000 U/mL penicillin, and 10,000 μg/mL 

streptomycin (Welgene, Gyeongsan, Korea) at 37 °C with 5% CO2. 

4.3. Cell Viability Assay 

The cells (4.0 × 103 cells/well) were seeded in 96-well plates and cultured overnight. After serum 

deprivation, the cells were treated with various GEF concentrations or DMSO (control) for 12 h. 

Subsequently, they were exposed to different sTRAIL/Apo2L concentrations (PeproTech, Cranbury, 

NJ, USA) for another 12 h. Cell viability was assessed with 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-

5-tetrazolio]-1,3-benzene disulfonate (WST-1) assay using the EZ-cytox kit (Dogen, Seoul, Korea); the 

absorbance was measured at 450 nm with a reference wavelength of 600 nm using a SpectraMax M2e 

microplate reader (Molecular Devices, San Diego, CA, USA). 

4.4. Colony Formation Assay 

The cells (1.5×105 cells/well) were seeded in 6-well plates overnight, pre-treated with GEF or 

DMSO for 12 h in serum-free medium, and exposed to TRAIL for another 12 h. The cells were 

harvested, reseeded (6×102 cells/well) in 6-well plates, and cultured for 10 days. The colonies were 

fixed with 100% methanol, stained with 0.5% crystal violet, and counted using the ImageJ software 

(Version 1.8.0, National Institute of Health, Bethesda, MD, USA). 

4.5. Wound Healing Assay 

The cells (2.5×105 cells/well) were seeded in 6-well plates and allowed to adhere overnight. A 

scratch was made in the center of each well, followed by washing with a serum-free medium. The 

cells were then pre-treated with GEF or DMSO for 12 h before treatment with or without TRAIL for 

another 12 h. Wound images were captured using a light microscope (OLYMPUS CKX41, Tokyo, 

Japan), and wound size was quantified using ImageJ. 

4.6. Apoptosis Assay using FACs 
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The cells (1.5×105) seeded in 6-well plates were pre-treated with 20 μM Z-VAD-FMK (R&D 

Systems, Minneapolis, MN, USA) for 1 h before exposure to GEF or DMSO for 12 h. Subsequently, 

the cells were treated with or without TRAIL for another 12 h. Apoptosis was assessed using the 

fluorescein isothiocyanate (FITC)–Annexin V Apoptosis Detection Kit (BD Biosciences, San Diego, 

CA, USA), and flow cytometric analysis was conducted using NovoCyte 1000 with data visualization 

using the NovoExpress software (version 1.2.5, ACEA Biosciences, San Diego, CA, USA). 

4.7. Western Blot Analysis 

The cells (2.5×105 cells/well in 60-mm dishes) were seeded and allowed to adhere overnight 

before pre-treating with GEF or DMSO for 12 h in a serum-free medium. Subsequently, the cells were 

treated with TRAIL for 12 h. After treatment, cell lysates (30 μg) were prepared and subjected to 10–

12% SDS–PAGE. Polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA) were 

used for protein transfer and blocked with 5% skim milk before incubation with primary antibodies 

against DR4, DR5, β-actin (Santa Cruz Biotechnology, Dallas, TX, USA), Bax, Bcl-2 (Cambridge, MA, 

USA), PARP, caspase-3, Bid (Cell Signaling Technology, Danvers, MA, USA), and MuD proteins [33]. 

After washing, the membranes were incubated with horseradish peroxidase-conjugated secondary 

antibodies, and the proteins were visualized using an enhanced chemiluminescence kit (Bio-Rad). 

4.8. TUNEL Staining 

The cells (4.0×103 cells/well) were seeded in 96-well plates and cultured overnight. After 

incubation with GEF or DMSO for 12 h, the cells were treated with or without TRAIL for another 12 

h. After fixation with 4% paraformaldehyde and permeabilization with PBST, the TUNEL assay was 

performed according to the manufacturer’s instructions (Promega, Madison, WI, USA). The cells 

were then stained with 4′,6-diamidino-2-phenylindole, visualized using an ECLIPSE Ts2R inverted 

microscope (Nikon, Melville, NY, USA), and imaged using the NIS-Elements BR software (Nikon). 

4.9. Cell Surface Receptor Staining for FACS Analysis 

The cells (1.5×105 cells/well) were seeded in 6-well plates and incubated overnight, pre-treated 

with GEF or DMSO in serum-free medium for 12 h, and then treated with or without TRAIL for 

another 12 h. After harvesting and washing with DPBS, the cells were incubated with antibodies 

against DR4 and DR5 for 1 h on ice, incubated with FITC-conjugated secondary antibodies, washed, 

and analyzed via flow cytometry using a NovoCyte 1000. The data were analyzed using the 

NovoExpress software (version 1.2.5). 

4.10. Real-time Quantitative PCR  

Total RNA was extracted using TRIzol reagent (Sigma-Aldrich, St. Louis, MO, USA), and cDNA 

was synthesized using the AccuPower® RT Premix (Bioneer, Daejeon, Korea). SYBR qPCR Mix 

(CellSafe, Yongin, Korea) and primers for DR4, DR5, and GAPDH: DR4 (forward) 5′-

TGTGACTTTGGTTGTTCCGTTGC-3′ and (reverse) 5′-ACCTGAGCCGATGCAACAACAG-3′; DR5 

(forward) 5′-AGACCCTTGTGCTCGTTGTC-3′ and (reverse) 5′-TTGTTGGGTGATCAGAGCAG-3′; 

GAPDH (forward) 5′-CCCTCAACGACCACTTTGTC-3′ and (reverse) 5′-

CCACCACCCTGTTGCTGTA-3′. Real-time PCR was performed on a CFX96 Real-Time System (Bio-

Rad). 

4.11. Co-immunoprecipitation (Co-IP) 

The cell lysates were co-immunoprecipitated with antibodies against DR4 and DR5 using the 

Dynabeads™ Protein G Immunoprecipitation Kit (Thermo Fisher Scientific, Waltham, MA, USA). 

The immunoprecipitated proteins were separated by SDS–PAGE, transferred to PVDF membranes, 

and probed with antibodies against FADD, caspase-8 (Santa Cruz Biotechnology), DR4, and DR5. 

Immunoreactive bands were visualized using an enhanced chemiluminescence kit (Bio-Rad). 
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4.12. Statistical Analysis 

Each experiment was performed at least three times independently, and results were presented 

as mean ± SD. Statistical significance was assessed using the Student’s t-test, with P-<0.05, P<0.01, or 

P<0.001 considered significant. 
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