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Apigenin potentiates TRAIL 
therapy of non-small cell lung 
cancer via upregulating DR4/DR5 
expression in a p53-dependent 
manner
Minghui Chen1,2, Xueshi Wang1, Daolong Zha1, Fangfang Cai1, Wenjing Zhang2, Yan He2, 
Qilai Huang2,3, Hongqin Zhuang1,3 & Zi-Chun Hua1,2,4

Apigenin (APG) is an edible plant-derived flavonoid that shows modest antitumor activities in vitro 
and in vivo. APG treatment results in cell growth arrest and apoptosis in various types of tumors by 
modulating several signaling pathways. In the present study, we evaluated interactions between APG 
and TRAIL in non-small cell lung cancer (NSCLC) cells. We observed a synergistic effect between APG 
and TRAIL on apoptosis of NSCLC cells. A549 cells and H1299 cells were resistant to TRAIL treatment 
alone. The presence of APG sensitized NSCLC cells to TRAIL-induced apoptosis by upregulating the 
levels of death receptor 4 (DR4) and death receptor 5 (DR5) in a p53-dependent manner. Consistently, 
the pro-apoptotic proteins Bad and Bax were upregulated, while the anti-apoptotic proteins Bcl-xl and 
Bcl-2 were downregulated. Meanwhile, APG suppressed NF-κB, AKT and ERK activation. Treatment 
with specific small-molecule inhibitors of these pathways enhanced TRAIL-induced cell death, mirroring 
the effect of APG. Furthermore, using a mouse xenograft model, we demonstrated that the combined 
treatment completely suppressed tumor growth as compared with APG or TRAIL treatment alone. Our 
results demonstrate a novel strategy to enhance TRAIL-induced antitumor activity in NSCLC cells by 
APG via inhibition of the NF-κB, AKT and ERK prosurvival regulators.

Based on the World Health Organization (WHO) mortality database, lung cancer is the most common neoplasm 
in human in both developed and developing countries1,2, and non-small cell lung cancer (NSCLC) accounts for 
approximately 75–85% of all cases3,4. Despite recent improvements in diagnosis and first-line treatment, prog-
nosis remains very poor, with an overall 5-year survival probability of about only 15%. Since current treatment 
modalities are still far from optimal results, novel therapies are needed to reduce the effects of the increasing 
incidence in pulmonary neoplasm.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL; also known as apo2 ligand) is a member of 
the TNF family that triggers rapid apoptosis in vitro and in vivo in various tumor cells while leaving most normal 
cells unscathed5. TRAIL induces apoptosis via interacting with death receptor 4 (DR4) and death receptor 5 
(DR5), which leads to the formation of the death-inducing signaling complex (DISC) with subsequent binding of 
caspase-8. Recruitment of caspase-8 to the DISC activates its proteolytic properties, which initiates a cascade of 
protease such as caspase-3, promoting the cleavage of death substrates and finally resulting in apoptosis. Because 
TRAIL can induce apoptosis in cancer cells but has little effect on normal cells, it is considered as a promising 
anticancer agent6. However, although many tumors are sensitive to TRAIL-mediated apoptosis, the majority, 
including lung cancer, remains resistant7,8. This resistance is conferred by a number of molecular changes, such 
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as the differential expression of death receptors; the elevated expression of anti-apoptotic molecules, includ-
ing FLICE-like inhibitory protein (FLIP), X-linked inhibitors of apoptosis proteins (XIAPs), anti-apoptotic  
Bcl-2-family proteins; and the activation of AKT and NF-κ​B in resistant cells9. In fact, combination therapies 
using recombinant TRAIL with other anti-cancer agents have shown improved efficacy for cancer treatment  
in vitro and in vivo through modulation of TRAIL-resistant mechanisms9.

Flavonoids plentifully contained in fruits and vegetables are a class of plant secondary metabolites with a ubiq-
uitous phenolic structure. Current trends in cancer research show that flavonoids are highly favorite plant-derived 
compounds for using alone or in combination with another therapeutic agent for controlling the growth of vari-
ous malignant cells both in vitro and in vivo. Apigenin (4′​,5,7-trihydroxyflavone; APG; Fig. 1a), a type of flavonoid 
found mainly in orange, chamomile tea, onion, and wheat sprouts, has a potential for biological activities, includ-
ing antioxidant and anti-inflammatory. APG has recently received much attention, due to its strong anticancer 
effect in various cancer cells, including breast cancer, colon cancer, lung cancer, neuroblastoma, liver cancer, 
prostate cancer, pancreas cancer, and oral cancer cells10,11. There are several proposed mechanisms for the anti-
cancer effects of APG. Previous reports revealed that APG could induce cell cycle arrest and enhance apoptosis in 
cancer cells and xenograft models12,13. Moreover, APG has been shown to downregulate NF-κ​B activity through 
the suppression of phosphorylation of p6514 and AKT signaling may be responsible for these processes15. In 
addition, it was demonstrated that APG exerted potent cancer chemopreventive activities through regulating the 
intracellular accumulation of reactive oxygen species (ROS) and antioxidant enzyme expression in lung cancer 
cells16. However, due to low efficacy of this compound, the clinical use of APG is relatively restricted.

Recently, combined therapy using APG with other chemotherapeutic drugs has been shown to enhance anti-
cancer effects in various tumors15,17. The combined inhibitory effects of APG and other chemotherapeutic agents 
on tumor cell growth were reported to be superior to the effects of these agents used alone. Chan et al.17 demon-
strated that APG could induce cell apoptosis via tumor necrosis factor receptor (TNF-R)-, and TNF-related 
apoptosis-inducing ligand receptor (TRAIL-R)-mediated caspase-dependent cell death pathways in tumor cells. 
These findings led us to hypothesize that the combined treatment with APG might enhance the cytotoxic effect 
of TRAIL on NSCLCs. Thus, this present study aims to explore the anti-tumor ability of APG with TRAIL, using 
both NSCLC cells and a xenograft mouse model, besides the investigation of potential mechanisms of action.

Results
Combined effect of APG and TRAIL on growth of tumor cells.  Before testing the combined effect 
of APG and TRAIL therapy, we first evaluated the cytotoxicity of TRAIL monotherapy in two NSCLC cell lines, 
A549 and H1299, and a normal cell line HEK293, by means of MTT assay. Our data showed that, at the concen-
tration of 60 ng/mL or lower, TRAIL showed no significant antitumor effect on A549 and H1299 cells, indicating 
that both NSCLC cell lines had low sensitivity or were resistant to TRAIL monotherapy (Fig. 1b,c). In order to 
assess the combined effect of APG and TRAIL on tumor cell proliferation, MTT assay was also performed. Two 
lung cancer cell lines were treated with the indicated concentrations of APG alone and its combination with 
25 ng/mL of TRAIL (APG +​ TRAIL) for 24 h. The results showed that APG alone promoted decreased cell via-
bility in a dose-dependent manner, while APG +​ TRAIL showed the strongest anti-proliferation ability, which 
surpassed the sum effect of APG (Fig. 1b,c). At the concentration of 10 μ​M or lower, no significant difference of 
the inhibition rate between groups treated with APG +​ TRAIL and APG was found. While at the drug concentra-
tion of 20 μ​M, APG +​ TRAIL showed huge anti-proliferation ability on A549 cells, with the inhibition rate larger 
than that of APG (p <​ 0.05) (Fig. 1b). Compared to A549 cells, H1299 cells were more sensitive to APG +​ TRAIL 
treatment, once the proliferation inhibition rate was 25.7 ±​ 2.9 (%) since 10 μ​M of APG (Fig. 1c). In contrast, no 
synergistic cytotoxicity was observed in HEK293 cells (Fig. 1d). These results suggest that APG at a subtoxic con-
centration has an enhanced effect on TRAIL-inhibited proliferation of tumor cells without increasing cytotoxicity 
to normal cells. In this study, we used the highest concentration at which APG alone did not induce significant 
proliferation inhibition. Therefore, drug concentrations of APG (20 μ​M) and TRAIL (25 ng/mL) were chosen for 
combined therapy in the following experiments.

APG sensitizes NSCLC cell lines to TRAIL-induced apoptosis.  We next investigated whether APG 
treatment could sensitize NSCLC cells to TRAIL-induced apoptosis. The flow cytometric studies showed that 
the combination of 20 μ​M APG and 25 ng/mL TRAIL caused an apparent increase in the apoptotic rate of treated 
A549 and H1299 cells as compared to TRAIL or APG monotherapy (Fig. 2a,b). However, combined treatment 
with APG and TRAIL showed no synergistic effect on the apoptotic rate of HEK293 cells (Supplementary Fig. S1).  
DAPI staining further showed that APG treatment resulted in an increased apoptotic rate in NSCLC cells 
co-treated with TRAIL (Supplementary Fig. S2). Nuclear condensation is a typical morphology change of apop-
totic cells, which can be detected by DAPI staining even in early stage of cell death18. As shown in Supplementary 
Fig. S2a, most of the H1299 cells in the control group emitted uniform blue color, where 9.1 ±​ 1.5 (%) of which 
exhibited condensed nuclei (naturally apoptotic cells). In APG-treated cells, 21.4 ±​ 3.7 (%) presented condensed 
stained nuclei. In TRAIL treatment group, 18.2 ±​ 2.4 (%) of the observed cells showed stained depressed nuclei. 
However, nuclear condensation and chromatin margination were typical and commonly observed in the group 
of APG +​ TRAIL, where 58.5 ±​ 4.1 (%) of the treated cells showed apoptotic morphology. These data indicated 
that the capability of APG +​ TRAIL to induce H1299 cell apoptosis was significantly stronger than the sum effect 
of APG or TRAIL separately used in resembling experiments. Similar synergistic effects of APG and TRAIL were 
also found in A549 cells (Supplementary Fig. S2b).

Combined effect of APG and TRAIL suppresses the clonogenic growth of NSCLC cells.  We were 
interested in whether the treatment of APG affected the clonogenic growth of NSCLC cells upon simultane-
ous exposure to TRAIL. Our colony-forming assays showed that 20 μ​M APG or 25 ng/mL TRAIL alone caused 
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minimal inhibition of the clonogenic growth of A549 and H1299 cells (Fig. 2c). In contrast, combined treatment 
with APG and TRAIL markedly suppressed the clonogenic growth of A549 and H1299 cells with inhibition rates 
of 85.5% and 90.6%, respectively (Fig. 2d). The sensitization ratios for A549 and H1299 cells to TRAIL-induced 
apoptosis by APG treatment were 24.4 and 13.9, respectively (Fig. 2d).

APG sensitizes A549 cells to TRAIL-induced apoptosis through the caspase-dependent mito-
chondrial pathway.  TRAIL-induced activation of caspase-8 leads to the activation of downstream caspase-9 
and caspase-3. To explore the mechanisms of APG and TRAIL-induced apoptosis in A549 cells, we determined 

Figure 1.  APG enhances TRAIL-induced cell proliferation inhibition of NSCLC cells. (a) Chemical 
structure of APG. (b–d) Left, A549 cells (b), H1299 cells (c) and HEK293 cells (d) were treated with TRAIL 
at different concentrations (0, 15, 30, 45, 60 ng/mL) for 24 h, and the cell viability was assessed by MTT assay. 
Right, A549 cells (b), H1299 cells (c) and HEK293 cells were treated with TRAIL at the concentration of  
25 ng/mL for 24 h in the presence of indicated concentrations of APG. The cell viability was assessed by MTT 
assay. Data are represented as mean ±​ SD. *p <​ 0.05, **p <​ 0.01.
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the activation of caspases in TRAIL-resistant A549 cells treated with 25 ng/mL TRAIL in the absence or the pres-
ence of APG. Western blotting assays showed that APG and TRAIL by themselves caused minimal proteolytic 

Figure 2.  APG enhances TRAIL-induced cell apoptosis and the combination of two drugs suppresses the 
clonogenic growth of NSCLC cells. (a,b) A549 (a) and H1299 (b) cells were exposed to APG (20 μ​M) and/or 
TRAIL (25 ng/mL). Eighteen hours later, all cells were harvested for flow cytometry analysis. Annexin V/PI-
stained cells were analyzed and the percentage of apoptotic cells was determined. The experiments were carried 
out independently in triplicate; representative data are shown. Data are represented as mean ±​ SD. *p <​ 0.05, 
**p <​ 0.01. (c) Colony formation ability of NSCLC cells treated with APG (20 μ​M) and/or TRAIL (25 ng/mL). 
The experiments were repeated three times (n =​ 3); representative data are shown. Data are represented as 
mean ±​ SD. *p <​ 0.05, **p <​ 0.01. Representative dishes of A549 cells evaluated by colony-forming assay are also 
included. (d) Sensitization ratio for NSCLC cells to TRAIL-induced apoptosis by APG treatment.
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processing of procaspase-8, procaspase-9, and procaspase-3. In contrast, APG in combination with TRAIL 
caused an apparent more intensive proteolytic cleavage of procaspase-8, procaspase-9, and procaspase-3 (Fig. 3a). 
Moreover, the combined treatment with APG and TRAIL resulted in the cleavage of PARP, whereas APG or 
TRAIL alone failed to induce PARP cleavage (Fig. 3a). Caspase activity, shown in Fig. 3b, indicated that caspase-3 
and caspase-9 activities were respectively 1.6- and 1.2-fold elevated in relation to controls in TRAIL-treated cells 
and respectively 6.8- and 3.7-fold over that in combined treatment. Co-treatment with the caspase inhibitors 
z-DEVD-FMK and z-LEHD-FMK abolished caspase activation induced by APG and TRAIL and rescued A549 
cells from treatment-induced cell death (Fig. 3b). Cell viability was also increased by caspase inhibitors after com-
bined treatment (Fig. 3c). These findings indicate that activation of a caspase-involved apoptotic pathway is one 
of the major mechanisms via which APG exerts its synergistic effect on TRAIL-treated A549 cells.

We further examined the effect of APG and TRAIL combined therapy on the balance between the apoptotic 
(Bax or Bad) and anti-apoptotic (Bcl-2 or Bcl-xl) members of the Bcl-2 family in A549 and H1299 cells. We found 
that the combined treatment of NSCLC cells with APG and TRAIL noticeably increased the levels of Bax and Bad 
with a prominent reduction of Bcl-2 and Bcl-xl levels (Fig. 3d,e). The mRNA levels of Bcl-2 and Bcl-xl were also 
decreased significantly in NSCLC cells treated with the combination of APG and TRAIL (Supplementary Fig. S3).  

Figure 3.  Sensitization of TRAIL-induced apoptosis by APG treatment is mediated through the 
caspase-dependent mitochondrial pathway in NSCLC cells. (a) Caspase-8, caspase-9, caspase-3, and 
PARP expression levels in A549 cells under different treatment conditions. All gels run under the same 
experimental conditions and the representative images of three different experiments were cropped and shown. 
Densitometric quantification of the immunoblot data is also shown and data are represented as mean ±​ SD. 
*p <​ 0.05, ***p <​ 0.001. (b) Activity of caspase-3 and caspase-9 in A549 cells treated with APG and TRAIL 
alone or in combination for 24 h. Data are presented as fold increases as determined by quantitative analysis. 
*p <​ 0.05, **p <​ 0.01. (c) Viability of A549 cells after treatment with caspase inhibitors. Cells were treated with 
inhibitors for 2 h before the 24 h treatments, after which cell viability was determined by MTT assay. Data are 
representative of three independent experiments and are represented as mean ±​ SD. **p <​ 0.01. (d,e) Expression 
levels of the Bcl-2 family proteins, Bcl-2, Bcl-xl, Bax, and Bad, in A549 (d) and H1299 (e) cells under different 
treatment conditions. All gels run under the same experimental conditions and the representative images of 
three different experiments were cropped and shown. Densitometric quantification of the immunoblot data is 
also shown and data are represented as mean ±​ SD. *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001.
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These results suggest that APG sensitizes A549 and H1299 cells to TRAIL-induced apoptosis by the 
caspase-dependent mitochondrial pathways.

The combination of APG and TRAIL inhibits the NF-κB p65 nuclear translocation, the IκB-α 
degradation, the PI3K/AKT cascade and activates the JNK-c-JUN pathway.  NF-κ​B is generally 
considered to be a survival factor that activates expression of various anti-apoptotic genes, e.g. Bcl-2, Bcl-xl, 
Mcl-1 and c-FLIP that block apoptosis19. Inhibition of NF-κ​B will lead to downregulation of the NF-κ​B-regulated 
anti-apoptotic proteins thereby promoting apoptotic cell death. Thus, we investigated whether APG at different 
dosages was able to modify the rate of NF-κ​B inhibition. We found that low dosage of APG or TRAIL alone had 
no obvious effect on the expression of NF-κ​B/p65. However, in the analysis of nuclear extracts by western blot-
ting, treatment of APG at the dosage of 40 μ​M in A549 cells inhibited the translocation of p65 from the cytoplasm 
to the nucleus, which was further accentuated upon exposure to TRAIL (Fig. 4a), probably leading to the inhibi-
tion of the transactivation of NF-κ​B target genes, such as Bcl-2 and Bcl-xl (Supplementary Fig. S3). Additionally, 
40 μ​M APG treatment resulted in increased Iκ​Bα​ levels in A549 cells, which was further enhanced by concurrent 
exposure to TRAIL (Fig. 4a). APG also inhibited the phosphorylation of Iκ​Bα​ in cytosol extracts, suggesting 
that it abrogates the dissociation of Iκ​Bα​ from NF-κ​B heterodimer (p65 and p50) and blocks the proteasomal 
degradation of Iκ​Bα​ (Fig. 4a). In contrast, the combined treatment with APG and TRAIL had little effect on the 
nuclear translocation of p65 in HEK293 cells (Supplementary Fig. S4). c-FLIP, one of the targeted genes of NF-κ​B, 
is known to interfere with caspase activation downstream of death receptors. To evaluate the combined effect of 
APG and TRAIL on c-FLIP expression, we treated A549 cells with TRAIL in the absence or the presence of APG. 
Our quantitative RT-PCR (Q-PCR) assay showed that combined treatment decreased c-FLIP expression signifi-
cantly, while TRAIL alone had no effect on c-FLIP expression (Supplementary Fig. S5).

AKT has been reported to suppress apoptosis by stimulating the transactivation potential of the RelA/p65 
subunit of NF-κ​B20. As reported previously, the PI3K/AKT pathway was inhibited by APG in leukemia cells21. 
To figure out whether the AKT pathway was affected by APG and played a role in APG and TRAIL-induced cell 
death in NSCLC cells, A549 cells were treated with increasing doses of APG for 24 hours. As shown in Fig. 4b, 
the PI3K/AKT pathway was inhibited in proportion to the growing dosage of APG in A549 cells, which was fur-
ther enhanced by concurrent exposure to TRAIL. H1299 cells were also exposed to APG and TRAIL alone or in 
combination for 24 hours. Figure 4b revealed that the phosphorylation levels of AKT and PI3K were markedly 
decreased after co-treatment with APG and TRAIL, but not with either drug alone. Flow cytometric studies fur-
ther showed that the apoptosis of A549 and H1299 cells induced by the APG +​ TRAIL treatment was enhanced 
by the addition of LY294002 (5 μ​M), a PI3K/AKT inhibitor (Fig. 4c). LY294002 also dramatically enhanced 
TRAIL-induced cell death in both cell lines (Fig. 4c).

JNK is known to promote apoptosis by many cellular stresses, including oxidative stresses, and DNA-damaging 
agents22 and plays important roles in cell proliferation and apoptosis23. We hypothesized that JNK might be acti-
vated by cellular stress induced by APG and TRAIL combined treatment. As expected, the level of phospho-JNK 
increased in A549 cells co-treated with APG and TRAIL (Fig. 4d). Furthermore, the combination of APG and 
TRAIL induced an apparent increase in the level of phospho-c-JUN in A549 cells. In contrast, low dosage of APG 
(20 μ​M) failed to activate the JNK-c-JUN pathway, whereas TRAIL alone raised the phosphorylation of JNK, but 
not that of c-JUN, in relation to control (Fig. 4d). Taken together, these findings suggest that APG and TRAIL 
cooperatively induce apoptosis through the suppression of NF-κ​B transcriptional activity, inhibition of PI3K/
AKT cascade and activation of JNK-c-JUN pathway.

APG sensitizes NSCLC cells to TRAIL-induced apoptosis by upregulating DR4 and DR5 levels in 
a p53-dependent manner.  Two TRAIL receptors, DR4 and DR5, which contain functional death domains, 
could trigger apoptotic signals upon TRAIL binding24. Our Q-PCR assays showed that APG by itself or in combi-
nation with TRAIL significantly increased the mRNA transcript levels of both DR4 and DR5 in A549 and H1299 
cells (Fig. 5a). Immunoblotting assays further revealed that APG alone or in combination with TRAIL signifi-
cantly upregulated the expression of DR5 in both NSCLC cell lineages (Fig. 5b). Furthermore, APG caused an 
approximately twofold increase in the levels of DR4 and, in combination with TRAIL, an approximately threefold 
increase in DR4 levels in A549 cells (Fig. 5b, left). Similarly, the combination of APG and TRAIL significantly 
elevated the expression levels of DR4 and DR5 in H1299 cells (Fig. 5b, right). However, all the treatments had no 
obvious effects on the expression of DR4 and DR5 in HEK293 cells (Supplementary Fig. S6). These results suggest 
that the upregulation of DR4 and DR5 levels may contribute to the increased sensitivity of A549 and H1299 cells 
to APG and TRAIL-induced apoptosis.

The p53 protein is known to play an important role in regulating the expression of DR4 and DR5 at the 
transcriptional level25. Our immunoblotting studies indicated that, consistent with the upregulation of DR4 
and DR5 expression, APG by itself or in combination with TRAIL resulted in increased level of p53 protein 
(Fig. 5c). Moreover, following APG treatment, p53 protein levels were elevated in both a concentration- and 
time-dependent manner (Fig. 5c). To further determine the role of p53 in the synergistic apoptotic effect of 
APG and TRAIL, we evaluated the effect of the p53-specific inhibitor, PFT-α​. As shown in Fig. 5d, immunoblot-
ting analysis showed that the impact of APG on p53 and DR5 expression was reversed by PFT-α​ pre-treatment. 
Furthermore, pre-treatment of cells with PFT-α​ markedly reduced APG and TRAIL-induced apoptosis as com-
pared with the untreated group (Fig. 5e). These results suggest that the apoptotic effect of the combination of 
APG and TRAIL is due to the activation of the p53 signaling pathway and the subsequent upregulation of DR4 
and DR5 expression.

APG inhibition of ERK contributes to synergistic interaction with TRAIL.  To clarify the effect of 
APG and TRAIL on MAPKs, cells were treated with APG at 20 or 40 μ​M for 48 h in the absence or presence of 
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TRAIL, and ERK and p38 protein levels were measured. As shown in Fig. 6a, APG alone decreased ERK phos-
phorylation levels in a dose-dependent manner in A549 cells. This effect of APG remained significant when 
A549 cells were co-treated with TRAIL. In addition, APG in combination with TRAIL enhanced phospho-p38 
protein levels. Consistent with inhibition of ERK contributing to the enhancement of TRAIL-induced cytotox-
icity by APG, blocking ERK activation by AZD6244, a MEK inhibitor26, augmented the proapoptotic activity 
of TRAIL and sensitized A549 and H1299 cells to TRAIL-induced cell death (Fig. 6b). Thus, activation of the 
stress-response MAPK p38 and suppression of the survival MAPK ERK in A549 and H1299 cells may also 
account for the apoptotic effect of the combination of APG and TRAIL.

Figure 4.  Effects of APG and TRAIL on NF-κB, PI3K/AKT and JNK signaling pathway. (a) A549 cells were 
treated with APG at different concentrations (0, 10, 20, 40 μ​M) in the absence or the presence of TRAIL  
(25 ng/mL) for 24 h. Nuclear proteins were extracted and subjected to Western blotting for p65 detection. Lamin 
B was used as loading control. Additionally, the whole cell extracts with the same treatment were prepared 
and analyzed for Iκ​B-α​ and p-Iκ​B-α​ expression. (b) A549 and H1299 cells were treated with APG at different 
concentrations (0, 20, 40 μ​M) in the absence or the presence of TRAIL (25 ng/mL) for 24 h. AKT, p-AKT, 
PI3K, and p-PI3K proteins in whole cell lysates were determined with specific antibodies. GAPDH was used 
as loading control. (c) A549 and H1299 cells were treated with APG (20 μ​M), TRAIL (25 ng/mL), LY294002 
(5 μ​M), or their combination for 24 h before determination of cell death by flow cytometry analysis. The 
experiments were carried out independently in triplicate; representative data are shown. Data are represented as 
mean ±​ SD. *p <​ 0.05, **p <​ 0.01, ***P <​ 0.001. (d) A549 cells were treated with APG at different concentrations 
(0, 20, 40 μ​M) in the absence or the presence of TRAIL (25 ng/mL) for 24 h. c-JUN, p-c-JUN and p-JNK protein 
in whole cell lysates were determined with specific antibodies. GAPDH was used as loading control. For 
(a,b,d), all gels run under the same experimental conditions and the representative images of three different 
experiments were cropped and shown. Densitometric quantification of the immunoblot data is also shown and 
data are represented as mean ±​ SD. *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001.
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Combined treatment of APG and TRAIL results in downregulation of HSP70.  Previous studies 
have shown that HSP70 suppression or downregulation might be promising to overcome TRAIL resistance in 
cancer27. Thus, to clarify the effect of APG and TRAIL on HSP70 expression, cells were treated with APG at 20 or 
40 μ​M for 24 h in the absence or presence of TRAIL, and HSP70, HSP27 and HSP90 protein levels were measured. 
As shown in Supplementary Fig. S7a, APG alone had no effect on the expression of HSP70; however, the com-
bination of two drugs significantly decreased the protein level of HSP70. Furthermore, the combined treatment 
did not affect the expression of HSP27 and HSP90. Consistently, APG and TRAIL in combination resulted in the 
cleavage of PARP and decrease of Bcl-2 expression. In addition, flow cytometric studies further showed that APG 
in combination with TRAIL induced significant apoptosis of NSCLC cells, which was enhanced by the addition 
of 5 μ​M PFT-μ​, a HSP70 inhibitor (Supplementary Fig. S7b). PFT-μ​ also augmented the proapoptotic activity of 
TRAIL and sensitized NSCLC cells to TRAIL-induced cell death. These results suggest that inhibition of HSP70 
may be an effective approach for anticancer efficacy improvement of APG and TRAIL over lung cancer.

Figure 5.  APG treatment sensitizes NSCLC cells to TRAIL-induced apoptosis by upregulating DR4 and 
DR5 levels in a p53-dependent manner. A549 cells and H1299 cells were treated with APG (20 μ​M) in the 
absence or the presence of TRAIL (25 ng/mL) for 24 h. (a) Q-PCR analysis was performed to detect the level of 
the mRNA transcripts of DR4 and DR5. The results shown are representative of three independent experiments. 
The histogram shows the mean ±​ SD. *p <​ 0.05: significantly different from the control. (b) Western blotting 
was performed to detect the levels of DR4 and DR5, respectively. (c) Left, A549 cells were treated with APG 
(20 μ​M or 40 μ​M) for the indicated time (4 h or 8 h). The protein levels of p53 in whole cell lysates were 
determined with specific antibody. Right, A549 cells were treated with APG at different concentrations (0, 10, 
20, 40, 80 μ​M) in the absence or the presence of TRAIL (25 ng/mL) for 24 h. The protein levels of p53 in whole 
cell lysates were determined with specific antibody. (d) A549 cells were treated with APG or PFT-α​ at the 
indicated concentrations for 24 h. DR5 and p53 protein levels in whole cell lysates were determined with specific 
antibodies. For (b–d), all gels run under the same experimental conditions and the representative images of 
three different experiments were cropped and shown. Densitometric quantification of the immunoblot data 
is also shown and data are represented as mean ±​ SD. *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001. (e) A549 cells were 
treated with APG (20 μ​M), TRAIL (25 ng/mL), or the combination of two drugs in the absence or presence of 
PFT-α​ (20 μ​M) for 18 h before determination of cell death by flow cytometry analysis. Data are representative of 
three independent experiments and are represented as mean ±​ SD. *p <​ 0.05.
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APG increases TRAIL sensitivity of subcutaneous lung cancer xenografts, thereby significantly 
inhibiting tumor growth in vivo.  The antitumor effect of APG in combination with TRAIL was ana-
lyzed in a xenograft tumor model by transplanting A549 cancer cells into athymic nude mice. On the 8th day 
post-implantation, mice were randomly divided into 4 groups before the tumor was palpated, with at least 8 
tumor-bearing mice in each group. Tumor volume was significantly reduced after intraperitoneally injection 
of APG and TRAIL for 21 days as compared to APG or TRAIL monotherapy (Fig. 7a). APG monotherapy also 
inhibited the growth of xenograft tumors to some extent, but the effects were not as significant as those seen in 
the combined treatment group. At the end of the study, we removed the tumors and measured their weight for 
each group. Combined treatment with APG and TRAIL clearly reduced tumor weight compared with the control 
group, APG or TRAIL single treatment (Fig. 7b). Tumor doubling time was prolonged from 4.93 days in mice 
receiving PBS, 5.45 days in mice receiving TRAIL, 6.63 days in mice receiving APG to 9.25 days in mice receiving 
APG +​ TRAIL (CI =​ 1.95; Fig. 7c), indicating a supra-additive or synergistic effect of APG and TRAIL. In addi-
tion, the treatment of mice with APG alone, TRAIL alone, or APG and TRAIL combination induced no apparent 
toxicity and we noted no change in their behavior, body mass (Fig. 7d), or liver mass (Fig. 7e), suggesting an 
absence of hepatomegaly. We also evaluated the toxicity in the liver of mice with different treatments. H&E stain-
ing of the liver of mice treated with TRAIL, APG or APG +​ TRAIL showed normal histology when compared 
with control mice (Fig. 7f), indicating an absence of hepatic toxicity induced APG or TRAIL. Moreover, Q-PCR 
assays revealed that the xenografts of mice receiving APG, or the combination of APG and TRAIL, showed upreg-
ulated levels of DR4 and DR5 (Fig. 7g). These findings suggest that the TRAIL-sensitizing effect of APG on lung 
cancer cells observed in vitro also occurs in vivo via the same mechanism involving the regulation of TRAIL 
receptors.

Furthermore, light microscopy revealed that tumor tissues in mice receiving APG and TRAIL displayed more 
severe necrosis than control or APG or TRAIL single therapy (Fig. 8a). The percentage of necrotic area in tumors 
increased from 12.5% in mice receiving PBS, 22.7% in mice receiving TRAIL, 42.2% in mice receiving APG to 
79.5% in mice receiving APG +​ TRAIL (Fig. 8b). APG or TRAIL single therapy or untreated control displayed 
tissue necrosis interspersed with viable tumor cells, whereas APG and TRAIL combined treatment induced 

Figure 6.  Effects of APG and TRAIL on ERK pathway. (a) A549 cells were treated with APG at different 
concentrations (0, 20, 40 μ​M) in the absence or the presence of TRAIL (25 ng/mL) for 24 h. Western blotting 
was performed to detect the levels of P38, p-P38, ERK, p-ERK, respectively. All gels run under the same 
experimental conditions and the representative images of three different experiments were cropped and shown. 
Densitometric quantification of the immunoblot data is also shown and data are represented as mean ±​ SD. 
*p <​ 0.05, **p <​ 0.01, ***p <​ 0.001. (b) A549 and H1299 cells were treated with APG (20 μ​M), TRAIL  
(25 ng/mL), AZD6244 (AZD; 2 μ​M), or their combination for 24 h before determination of cell death by 
flow cytometry analysis. Data are representative of three independent experiments and are represented as 
mean ±​ SD. *p <​ 0.05, **p <​ 0.01.
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large areas of continuous necrosis within tumors (Fig. 8a). TUNEL assay further suggested that the combined 
treatment of APG and TRAIL inhibited A549 tumors through the induction of programmed cell death in vivo 
(Fig. 8a,b).

Discussion
Combination therapies have been shown to produce a response rate that is higher than those obtained with 
single-agent chemotherapy in many types of cancer, including NSCLC. However, the success of therapies is lim-
ited, and one of the reasons for this limitation is drug resistance. Because only a small number of patients survive 
for more than a year after treatment, new agents and novel approaches are needed to improve the response to con-
ventional therapies in NSCLC patients28. Understanding the molecular mechanism of apoptosis and the events 
that cause resistance to anticancer drugs is therefore crucial for developing new strategies for the therapeutic 

Figure 7.  APG and TRAIL combined therapy inhibits in vivo tumor xenograft growth in a subcutaneous 
tumor model. A549 cells were injected subcutaneously into the dorsal flanks of athymic nude mice. When 
tumors reached a size of approximately 50 mm3, mice were i.p. with APG and TRAIL or the combination of 
two drugs every two day for a total of 21 days. (a) The tumor growth inhibitory effects of different treatments 
were compared. (b) At the end of the study, the excised tumors from each group were weighed. (c) Tumor 
double time of each group. (d) The weight of nude mice from each group did not change significantly 
during the experiment. (e) Liver weight of mice at the end of the experiment show in (a). (f ) Representative 
photomicrographs of liver sections stained with H&E of mice treated with PBS, TRAIL, APG, or APG +​ TRAIL. 
(g) Expression of TRAIL receptors DR4 and DR5 in tumors after APG and TRAIL treatment. Tumors were 
isolated on day 40 after tumor challenge and subjected to Q-PCR assay using primers specific for human DR4, 
DR5, and GAPDH (internal control). All data are shown as mean ±​ SD. *p <​ 0.05, **p <​ 0.01.
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treatment of lung cancer, with the possibility of activating distinct or overlapping apoptotic pathways by com-
bining different treatments to increase antitumor effects. In this study, we showed the synergistic interaction in 
lung cancer cells between TRAIL, a member of the tumor necrosis factor family currently under clinical trials, 
and APG, an edible plant-derived flavonoid. TRAIL can trigger rapid apoptosis of tumor cells while sparing 
normal cells, therefore representing a promising novel target for anti-tumor therapeutics. However, previous 
studies have shown that many cancer types are resistant to the apoptotic effects of TRAIL. Thus, it is impor-
tant to develop agents that sensitize cancer cells to TRAIL-induced apoptosis to improve the therapeutic impact 
of TRAIL. Although APG has been tested as an antitumor agent against various human tumors, its antitumor 
activity is generally limited. Its potential application in combination with other anticancer drugs has not been 
thoroughly explored. Our results herein provided such an example that APG enhanced TRAIL-induced cell kill-
ing in lung cancer cells. Detailed studies demonstrated that APG downregulated Bcl-2, Bcl-xl and HSP70, and 
inhibited NF-κ​B, AKT and ERK prosurvival mediators. Targeting each of these pathways independently resulted 
in TRAIL-induced cell killing (Fig. 9). Furthermore, the synergistic interaction between APG and TRAIL in lung 
cancer cells was supported by the xenograft experiment in mice wherein coadministration of APG and TRAIL 
suppressed tumor growth more potently than APG or TRAIL alone. Therefore, combination therapeutic strategy 
using APG and TRAIL can be a powerful option for treatment of human lung cancer.

In the present study, we tested the in vitro and in vivo enhancing effect of APG on the cytotoxicity of TRAIL 
in a pair of NSCLC cell lines, A549 and H1299. Using MTT assay we found that APG inhibited the growth and 

Figure 8.  APG and TRAIL combined therapy induces necrosis of tumor and promotes tumor cell 
apoptosis. (a) Determination of tumor necrosis and apoptosis after combined treatment with APG and 
TRAIL. Tumor necrosis areas are shown by H&E staining and observed under light microscope (×​100). The 
viable tumor cells are indicated by a blue arrow. TUNEL assay was used to detect apoptotic cells (original 
magnification, ×​200). Positive cells for TUNEL staining are indicated by a green arrow. (b) Quota of tumor 
necrosis and apoptosis. Tumor necrosis was determined by software Image J. Two sections/mouse and three 
mice were prepared (mean ±​ SD, *P <​ 0.05, **p <​ 0.01). The ratio of apoptotic cells to total cells: TUNEL 
positive cells were counted from three fields of the highest density of positive-stained cells in each section to 
determine the percentage of apoptotic cells (mean ±​ SD, *p <​ 0.05, **p <​ 0.01).
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proliferation of TRAIL-treated tumor cells synergistically. Compared to APG or TRAIL alone, low dosage of the 
two drugs in combination induced substantial apoptosis of tumor cells. The activation of caspase family members 
is essential for apoptosis through both death receptor as well as mitochondrial pathways. These caspases are clas-
sified into two groups, including initiator caspases (−​2, −​8, −​9 and −​10) and effector caspases (−​3, −​6 and −​7), 
according to their functions. To further exploit the anti-tumor mechanism of APG and TRAIL, we detected the 
activation of caspase-8, caspase-9 and caspase-3. The data indicated that induced apoptosis of NSCLC cells by 
the combination of APG and TRAIL was mediated through caspase-8/caspase-9/caspase-3 activation. In turn, 
caspases activation resulted in PARP cleavage, nuclear condensation, and eventually, the induction of apoptosis. 
Caspase-8 mediates cleavage of Bid to tBid and the translocation of tBid to mitochondria provides a link between 
extrinsic and intrinsic pathways of apoptosis29. Increase in Bax:Bcl-2 ratio is a key factor to induce the release of 
several pro-apoptotic molecules from mitochondria30. Upregulation of various anti-apoptotic molecules, such 
as Bcl-2 and Bcl-xl, protects the cancer cells from induction of apoptosis31. In the current study, we found that 
APG and TRAIL combined treatment could cause maximum upregulation of Bax and Bad with a concomitant 
downregulation of Bcl-2 and Bcl-xl so as to cause an increase in the Bax:Bcl-2 ratio for triggering activation of the 
caspases related to the mitochondrial cascade for apoptotic death in A549 and H1299 cells.

The NF-κ​B pathway is one of the most important cellular signal transduction pathways involved in immu-
nity, inflammation, proliferation, and in defense against apoptosis32. Activation of NF-κ​B is a frequent event in 
cancer cells, pointing toward that it could be an attractive therapeutic target during the treatment33,34. In cells, the 
p65-p50 heterodimer is maintained in an inactive state due to binding of Iκ​B. However, when Iκ​B is phospho-
rylated via Iκ​B kinase, phospho-Iκ​B is detached from p65-p50 dimer to be degraded. Free p65-p50 heterodimer 
then can enter the nucleus, and bind to specific DNA sequences to induce the transcription of target genes related 
to tumor promotion, cell survival signaling, and inflammation35. In this study, we found that APG monotherapy 
or APG and TRAIL combined treatment abrogated the phosphorylation of Iκ​Bα​ and nuclear translocation of 
p65. This finding is consistent with that of other reports36,37. NF-κ​B is generally considered to be a survival factor 
that activates expression of various anti-apoptotic genes, such as Bcl-xl, Bcl-2, and c-FLIP that block apoptosis38. 
Inhibition of NF-κ​B will lead to downregulation of the NF-κ​B-regulated anti-apoptotic proteins, thereby promot-
ing apoptotic cell death. Indeed, combined treatment with APG and TRAIL significantly decreased the expression 
levels of Bcl-2, Bcl-xl and c-FLIP, and finally resulted in cell apoptosis. Thus, the suppression of NF-κ​B by APG 
could provide specific and effective way to sensitize NSCLC cells to TRAIL-induced apoptosis.

The serine/threonine kinase protein kinase B or AKT (PKB/AKT), a downstream target of phosphoinos-
itide 3-kinase (PI3K), plays critical regulatory roles in cell signaling, affecting such divergent cellular processes 

Figure 9.  A working model for the synergistic effect of APG and TRAIL on NSCLC cells. APG treatment 
induces c-Jun N-terminal kinase (JNK) and subsequent c-Jun and p53 activation in NSCLC cells. The activation 
of p53 thus contributes to the upregulation of DR4 and DR5 levels. When NSCLC cells are treated with the 
combination of APG and TRAIL, TRAIL stimulates overexpressed DR4 and DR5, inducing the activation of 
caspase-8, which degrades Bid to t-Bid. Additionally, p53 accumulation accounts for the decrease in Bcl-2 level 
and also upregulates Bax level, contributing to Bax oligomerization. Furthermore, APG and TRAIL combined 
treatment inhibits AKT phosphorylation via the PI3K inhibition, which contributes to Iκ​Bα​ phosphorylation 
inhibition and degradation, suppresses the nuclear translocation of p65, and, in turn, decreases the expression 
of NF-κ​B target genes, such as c-FLIP, Bcl-2 and Bcl-xl. Thus, the increase in the Bax:Bcl-2 ratio induces the 
depolarization of the mitochondrial membrane with the release of cytochrome c and the consequent activation 
of caspase-9 and caspase-3, resulting in apoptosis of NSCLC cells. Moreover, the combination of APG and 
TRAIL also suppresses the activation of ERK pathway. All of the above finally sensitize NSCLC cells to TRAIL-
induced apoptosis.
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as apoptosis, cellular proliferation, and metabolism39,40. AKT is also activated in various cancer cells, and thus 
AKT signaling has become a target for cancer chemotherapy. Several reports have suggested that APG exerts its 
anticancer effects by blocking the AKT pathway41,42. In the present study, APG combined with TRAIL decreased 
both the expression and phosphorylation level of AKT and PI3K in an APG-dose dependent manner. Thus, 
the inhibition of the PI3K/AKT pathway may be an important mechanism underlying the effects of APG com-
bined with TRAIL in human lung cancer A549 and H1299 cells. It has been reported that AKT can promote 
NF-κ​B activity43. Thus, the deactivation of AKT may lead to transcriptional inhibition of NF-κ​B, and the pre-
viously well-characterized downregulation of Bcl-2 and Bcl-xl expression by inactivated NF-κ​B. In addition, 
co-treatment with APG and TRAIL also led to JNK activation. JNK is activated by many cellular stresses, includ-
ing oxidative stresses, and DNA-damaging agents22 and plays important roles in cell proliferation/survival and 
apoptosis44. Recent studies have indicated that one of the anti-apoptotic functions of NF-κ​B is to downregulate 
JNK activation45. Therefore, we demonstrated that the combined treatment with APG and TRAIL led to the acti-
vation of JNK in NSCLCs concurrent to the downregulation of NF-κ​B, thus contributing to apoptosis. Thereby, 
the suppression of AKT, inhibition of NF-κ​B, upregulation of JNK activity and subsequent reduction of Bcl-2 
and Bcl-xl expression might contribute to the increased sensitivity of NSCLC cells to APG and TRAIL-mediated 
apoptosis (Fig. 9).

The p53 tumor suppressor inhibits cellular proliferation by inducing cell cycle arrest and apoptosis in response 
to cellular stresses including DNA damage, growth factor deprivation, hypoxia, and oncogene activation46,47. It 
has been reported that JNK could upregulate pro-apoptotic genes and downregulate anti-apoptotic genes through 
the transactivation of several transcription factors, including c-JUN and p5344. Our western blotting data also 
indicated that APG at the concentration of 20 μ​M or 40 μ​M significantly increased the expression of p53, and the 
previously well-characterized upregulation of DR4 and DR5 levels by activated p5348,49. Therefore, APG treat-
ment could upregulate DR4 and DR5 expression in NSCLC cells through activating p53, thus contributing to 
TRAIL-induced apoptosis. To detect whether p53 is the key mediator of apoptosis produced by the combination 
of APG and TRAIL, A549 cells were pretreated with the p53 inhibitor PFT-α​. The results indicated that PFT-α​ 
not only reversed the synergistic apoptotic effect of the combination of APG and TRAIL, but also blocked the 
accompanying changes in p53 and DR5 expression levels. These data clearly indicate that p53 plays an important 
role in the synergistic apoptotic effect.

Heat shock proteins (HSPs) are molecular chaperones that transport and stabilize proteins within the cell. 
Many human tumor cells display heightened levels of HSP27, HSP70, and/or HSP90, suggesting an association of 
cellular transformation with altered stress protein levels50. Previous studies found that suppression of HSP70 or 
HSP27 expression could sensitize NSCLC cells to TRAIL-induced apoptosis by upregulating DR4 and DR527,51. 
Herein, we found that 40 μ​M APG combined with TRAIL significantly reduced HSP70 protein level without 
exhibiting any effects on the expression of HSP27 and HSP90. Thus, the downregulation of HSP70 expression 
might also contribute to the increased sensitivity of NSCLC cells to TRAIL-mediated apoptosis.

Our experiments using a tumor xenograft model showed that APG-induced sensitization to TRAIL also 
occurred in vivo and this combination therapy efficiently inhibited tumor growth. Our findings argue that the 
novel anticancer effects of APG in lung cancer cells involve TRAIL sensitization through the augmented expres-
sion of its receptors via NF-κ​B downregulation and deactivation, JNK activation and the subsequent increase of 
p53. Wherefore it is suggested that APG could be useful as a new strategy for overcoming TRAIL resistance in 
cancer therapy.

In conclusion, we provided evidence that APG alone showed limited inhibition potency on the growth of 
human lung cancer cell lines in vitro. However, at a low concentration, APG synergistically induced cell apopto-
sis through multiple targets including caspases and NF-κ​B pathways in NSCLC cell lines when combined with 
TRAIL. Furthermore, combined treatment with the two drugs effectively reduced growth of xenografted A549 
cells grown in athymic mice without exhibiting any toxicity for the animals. Based on the synergistic antitumor 
activity profiles of combined APG and TRAIL treatments in vitro and in vivo and the absence of cytotoxicity in 
normal tissues, we believe that APG has strong therapeutic value for use in combination with TRAIL against lung 
cancer that warrants further investigation.

Materials and Methods
Cells, cell culture, and reagents.  NSCLC cell lines A549 and H1299, and human embryonic renal HEK293 
cells were purchased from the American Type Culture Collection (ATCC, Philadelphia, PA, USA). HEK293 cells 
were grown in Dulbecco’s modified Eagle’s medium (DMEM) (HyClone, Logan, UT, USA) supplemented with 
10% (v/v) fetal bovine serum (HyClone, Logan, UT, USA) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, 
CA, USA). A549 and H1299 cells were grown in RPMI 1640 (HyClone, Logan, UT, USA) supplemented with 10% 
(v/v) fetal bovine serum (HyClone, Logan, UT, USA) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA, 
USA). All cells were cultured in a humidified CO2 incubator at 37 °C. MEK inhibitor AZD6244 (Calbiochem, 
Merck Biosciences, Darmstadt, Germany), PI3K/AKT inhibitor LY294002, p53 inhibitor Pifithrin-α​ (PFT-α​), 
and HSP70 inhibitor Pifithrin-μ​ (PFT-μ​; all from Sigma-Aldrich, St. Louis, MO, USA) were dissolved in dimethyl 
sulfoxide and freshly prepared each time before use. The working concentration for AZD6244, LY294002, PFT-α​ 
and PFT-μ​ was 2 μ​M, 5 μ​M, 20 μ​M and 5 μ​M respectively. 4,6-diamidino-2-phenylindole (DAPI) was purchased 
from Sigma-Aldrich, St. Louis, MO, USA.

Cell proliferation assay.  The effects of TRAIL, APG or the combination of two drugs on cell proliferation 
were assessed by the MTT assay. Cells in the exponential growth phase were seeded into a 96-well plate at a den-
sity of 5000 cells per well. After 24 h, APG (0–160 μ​M), TRAIL (25 ng/mL), or the combination of both substances 
was added to the medium. The cells were incubated at 37 °C for 24 h, then the cell viability was determined by 
the colorimetric MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide] assay at 570 nm 
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by TECAN Safire Fluorescence Absorbance and Luminescence Reader (Vienna, VA, USA). The cell viability was 
calculated according to the formula: Cell viability (%) =​ average A570 nm of treated group/average A570 nm of control 
group ×​ 100%. Each experiment was performed in quadruplicate and repeated at least three times.

Annexin V-fluorescein isothiocyanate/propidium iodide assay.  To quantify the percentage of cells 
undergoing apoptosis, we used the Annexin V-FITC kit as described by the manufacturer (BD Biosciences, CA, 
USA). Briefly, A549, H1299 and HEK293 cells were incubated for 18 hours with TRAIL (25 ng/mL), or with the 
indicated concentration of APG alone or with the combination of both substances. Next, the treated cells were 
collected and trypsinized for 3–5 min. The digested cells were washed twice with cold phosphate buffered saline 
(PBS) and resuspended in binding buffer at a concentration of 1 ×​ 106 cells/mL. After incubation, 100 μ​L of the 
solution was transferred to a 5 mL culture tube, and 5 μ​L of Annexin V-FITC (20 μ​g/mL) and 5 μ​L of PI (20 μ​
g/mL) were added. The tube was gently centrifuged at 1000 rpm for 5 min and incubated for 15 min at room 
temperature in the dark. At the end of incubation, 400 μ​L of binding buffer was added, and the cells were ana-
lyzed immediately by flow cytometry (BD Biosciences, CA, USA). Flow cytometry analysis was performed with 
untreated A549, H1299 and HEK293 cells as control.

Colony-forming assay.  Colony-forming assay was performed as previously described51. Briefly, About 300 
cells in log phase were plated into 60 mm tissue culture Petri-dish (Greiner) in triplicate with 3 mL of culture 
medium and grown at 37 °C with 5% CO2. After 48 h culture for cell adherence to the plate, rinsed with fresh 
medium, APG (20 μ​M), TRAIL (25 ng/mL) or APG +​ TRAIL were added to the medium. 48 h later, the cells 
were washed twice with PBS and then incubated in drug-free medium. The medium was changed every 5 days. 
After culturing for additional 10–14 days, the medium was discarded and each dish was washed twice with PBS 
carefully. The cells were fixed with methanol for 15 min and stained with a 1:10 dilution of Giemsa regent (Merck 
Biosciences, Darmstadt, Germany) for 10 min. Any grouping of cells containing 30 or more cells was counted as a 
colony using an inverted microscope (Zeiss, 40-fold magnification). Colony numbers were determined from trip-
licate plates. Colony growth was related to the control value without any treatment. The sensitivity of APG-treated 
(A1) and non-treated (A2) cells to TRAIL treatment was calculated using the following formulas:

=
− −

‑

‑

A1 (Colony number from APG treated cells
Colony number from TRAIL and APG combination treated cells)/

Colony number from APG treated cells

=
− ‑

A2 (Colony number from control cells
Colony number from TRAIL treated cells)/

(Colony number from control cells)

The sensitization ratio of cells to TRAIL was calculated as A1/A2.

Caspase activity assay.  Caspase-3 and caspase-9 activities were measured using colorimetric activity assay 
kits (Chemicon International, CA, USA) following the manufacturer’s instructions. The assay is based on the 
cleavage of the chromogenic substrates, DEVD-pNA and LEHD-pNA, by caspase-3 and caspase-9, respectively. 
Cells were lysed in chilled lysis buffer on ice for 10 min and centrifuged for 5 min at 10,000×​ g. Caspase substrate 
solution containing the specific peptide substrate was then added to the supernatant and incubated for 2 h at 37 °C 
before measurement by ELISA reader at 405 nm.

Western blot analysis.  Cells were incubated with TRAIL (25 ng/mL) and the indicated concentration of 
APG alone or in combination for 24 h, and then lysed with RIPA buffer (Beyotime, China) with protease inhibitor 
cocktail tablets (Complete Mini, EDTA free; Roche, Basel, Switzerland). Supernatants were collected by centrif-
ugation at 12,000×​ g for 10 min and protein concentration was determined by the Bio-Rad protein assay method 
(Bio-Rad, Hercules, CA). In addition, nuclear extracts were prepared as described by Schreiber et al.52. Western 
blotting used standard protocols. Proteins were separated by SDS-PAGE and transferred onto nitrocellulose 
membranes that were blocked with 5% non-fat milk in TBS containing 0.1% Tween-20, and incubated with 
primary antibodies: caspase-8, cleaved caspase-8, cleaved caspase-3, caspase-9, p-JNK, c-JUN, p-c-JUN, AKT, 
p-AKT (Ser 473), p53 (Cell Signaling Technology, Beverly, MA, USA), IкB-α​, p-IкB-α​ (Sigma, St. Louis, MO, 
USA), NF-κ​B p65 (Invitrogen, Carlsbad, CA, USA), α​-tubulin, GAPDH, Lamin B, ERK, p-ERK, P38, p-P38, 
DR4, DR5, poly (ADP-ribose) polymerase (PARP), Bad, Bax, Bcl-xl, Bcl-2 (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). Secondary antibodies were coupled to horseradish peroxidase, and were goat anti-rabbit or goat 
anti-mouse (Cell Signaling Technology, Beverly, MA, USA). Bound antibodies were then visualized with ECL 
plus Western blotting detection reagents (GE Healthcare). Signal intensity was quantified by densitometry using 
the software Image J (NIH, Bethesda, MD). All experiments were done in triplicate and performed at least three 
times independently.

RNA extraction and quantitative real-time PCR.  Cells were incubated with TRAIL (25 ng/mL), 
APG (20 μ​M) or the combination of two drugs for 24 h. Total RNA was then extracted from treated cells 
using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions and was 
used to prepare cDNA by PrimeScript RT reagent Kit (Takara, Otsu, Shiga, Japan). Quantitative real-time 
PCR was performed with SsoFast EvaGreen Supermix on a CFX96 Real-Time System (Bio-Rad Laboratories, 
Hercules, CA, USA). The sequences of PCR primers used in our study were synthesized commercially, and 
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are shown as follows: DR4 upstream: 5′​-CCGCGGCCACACCCAGCAAAGT-3′​; DR4 downstream: 5′​
-GCAGCAGGACCCCGACGACGACA-3′​; DR5 upstream: 5′​-GTGGGGACCCTGAGCGTGTG-3′​; DR5 down-
stream: 5′​-CTCCAAGGCATCCAGCAGGGTGTG-3′​. c-FLIP upstream: 5′​-CCTCCGCACATCCGTGAA-3′​
;  c-FLIP downstream: 5 ′ ​-AGGTCTCTTGAAGATATTTTGTGTCGTT-3 ′ ​.  Bcl-2 upstream: 5 ′​
-AACATCGCCCTGTGGATGAC-3′​; Bcl-2 downstream: 5′​-GGCCGTACAGTTCCACAAAG-3′​. Bcl-xl 
upstream: 5′​-GGCCACTTACCTGAATGACC-3′​; Bcl-xl downstream: 5′​-AAGAGTGAGCCCAGCAGAAC-3′​
. The glyceraldehydes 3-phosphatase dehydrogenase (GAPDH) gene was used as the reference gene. GAPDH 
upstream: 5′​-AACGACCCCTTCATTGAC-3′​; GAPDH downstream: 5′​-TCCACGACATACTCAGCAC-3′​. The 
thermal dissociation curve of all the primers pairs are shown in Supplementary Fig. S8 in comparison with the 
predicted dissociation curves from uMelt (https://dna.utah.edu/umelt/umelt.html) for the same primers pairs. 
All data were means of fold change of triplicate analysis and normalized with those of GAPDH.

DAPI staining.  DAPI staining was applied for morphological assessment of nuclei. NSCLC ells were incu-
bated with TRAIL (25 ng/mL), APG (20 μ​M) or the combination of two drugs for 18 h. Treated A549 or H1299 
cells in 6-well plate were rinsed twice with cold PBS and stained with DAPI solution (1 μ​g/mL) for 10 min at 
37 °C in dark room. Stained cells were washed twice with cold PBS. Finally, an inverted fluorescence microscopy 
(CKX41, OLYMPUS, Japan) was used to photograph the cells in the plate. At least 200 cells were counted and 
classified according to the condensed nuclei.

Animals.  Athymic nude mice (6–8 weeks of age) were obtained from Shanghai Laboratory Animal Center 
(Shanghai, China) and housed under germfree conditions. All animals received human care according to Chinese 
legal requirements. The experiments were approved by Nanjing University Animal Care and Use Committee 
(20150153), and we strictly followed these rules during our experiments.

In vivo animal tumor model experiment.  A549 cells (5 ×​ 105 cells in 30 μ​L) were injected subcutane-
ously into the dorsal flanks of mice. Tumor volume was monitored by measuring the two maximum perpen-
dicular tumor diameters with callipers every other day. All tumor-bearing mice were divided randomly into 4 
groups, and treatment was initiated on the 8th day when the volume of tumor reached a size of approximately 
50 mm3. The mice were injected intraperitoneally (i.p.) with APG (10 μ​g/injection/mouse), TRAIL (100 μ​g/injec-
tion/mouse) or the combination of two drugs every two day for a total of three weeks. Control mice received i.p. 
injection of PBS. Antitumor activity of treatments was evaluated by tumor growth inhibition. The formula, tumor 
volume =​ length ×​ width2 ×​ 0.52 was used to mimic the tumor volume. At the end of study, the tumors were 
collected and weighed. The body weight and liver mass were also examined to evaluate the toxicity of different 
treatments in vivo.

In a parallel animal assay (totally 4 groups, and 3 mice per group), the tumor establishment and drug treat-
ment are the same as described above. On the 21th day, mice were euthanized. Tumors and livers were collected, 
fixed with 4% formaldehyde, embedded in paraffin and sectioned for haematoxylin and eosin (H&E) staining 
according to standard histological procedures. Apoptotic cells in tumor sections (two sections per mouse, three 
mice in total) were visualized by the TUNEL technique according to the manufacturer’s instruction (Merck 
Biosciences, Darmstadt, Germany).

Calculation of tumor doubling time and combination index.  The tumor doubling time (TDT) and 
combination index (CI) were calculated using GraphPad Prism v 5.0. TDT values were generated from exponen-
tial growth curves, which had been fitted to % change in tumor volume data (r2 >​ 0.70). Our CI calculations were 
adapted53 to apply to TDT values. First, the TDT value for untreated mice was subtracted from the TDT value for 
each treatment group to obtain ‘blanked’ TDT values (TDTB). Then, the CI was calculated as the ratio of TDTB 
values of combination treatment to individual treatments: CI =​ (TDTB combination of APG and TRAIL)/(TDTB 
APG alone +​ TDTB TRAIL alone).

Statistical analysis.  Statistical analysis was carried out using the SPSS software (version 11.0; SPSS, Chicago, 
IL). Data were expressed as the mean ±​ standard deviations (SD). For paired data, statistical analyses were per-
formed using two-tailed Student’s t-tests. For multiple comparisons, statistical analyses were performed using 
one-way analysis of variance (ANOVA) with a Tukey post-test. For all analyses, P <​ 0.05 was considered statisti-
cally significant.
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