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Abstract. The discovery of the TRAIL protein and its death 
receptors DR4/5 changed the horizon of cancer research 
because TRAIL specifically kills cancer cells. However, the 
validity of TRAIL-based cancer therapies has yet to be estab-
lished, as most cancer cells are TRAIL-resistant. In this report, 
we demonstrate that TRAIL-resistance of many cancer cell 
lines can be overcome after siRNA- or rocaglamide-mediated 
downregulation of c-FLIP expression and simultaneous inhibi-
tion of IAPs activity using AT406, a pan-antagonist of IAPs. 
Combined triple actions of the TRAIL, the IAPs inhibitor, 
AT406, and the c-FLIP expression inhibitor, rocaglamide 
(ART), markedly improve TRAIL-induced apoptotic effects in 
most solid cancer cell lines through the activation of an extrinsic 
apoptosis pathway. Furthermore, this ART combination does 
not harm normal cells. Among the 18 TRAIL-resistant cancer 
cell lines used, 15 cell lines become sensitive or highly sensi-
tive to ART, and two out of three glioma cell lines exhibit high 
resistance to ART treatment due to very low levels of procas-
pase-8. This study provides a rationale for the development of 
TRAIL-induced apoptosis-based cancer therapies.

Introduction

Traditional chemotherapy and radiotherapy of cancer treatments 
suffer from severe side effects, development of drug resistance 

and cross-resistance, cancer migration and recurrence (1). In 
light of recent breakthroughs in molecular oncology, targeted 
therapies using monoclonal antibodies to mutated cell surface 
receptors and small molecule agents inhibiting tyrosine kinases, 
serine/threonine kinases, small GTP-binding proteins and 
other oncogenic proteins in the proliferation-driving signaling 
pathways have become standard in the current treatment of 
cancer (2). However, due to the genetic heterogeneous nature 
of cancer cells, particularly for solid tumors, resistance to these 
targeted agents can develop rapidly, and thus limit the overall 
efficacy (3). Novel cancer therapies are needed. One potential 
immuno-surveillance mechanism for therapy is apoptosis 
induced by cytokines produced by immune cells such as T and 
natural killer (NK) cells.

 Tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL), discovered two decades ago by Wiley et al (4) and 
Pitti et al (5), attracted enthusiastic attention worldwide as 
a potential cancer therapy because of its capacity to specifi-
cally induce cancer cell death, but not the death of normal 
and healthy cells (6). TRAIL produced from immune NK 
cells (7), can induce apoptosis of cancer cells upon binding 
to the cell surface death receptors (DR, TRAIL receptor), 
DR4 (or TRAIL R1) and/or DR5 (or TRAIL R2). In addition, 
TRAIL recruits the adaptor Fas-associated death domain 
(FADD) and procaspase-8 to form death-inducing signaling 
complexes (DISC), which results in the activation of the 
initiator caspase-8, leading to the activation of extrinsic and 
intrinsic apoptotic signaling downstream of caspase-3 (4,8). 
Recently, several phase 2 clinical studies based on the use of 
recombinant human TRAIL or agonistic monoclonal anti-
bodies against DR4/5 have failed to show clinical efficacy, 
even when combined with traditional chemotherapy (9,10). 
Thus, enthusiasm has greatly dampened for cancer therapies 
based on TRAIL-induced apoptosis. Moreover, in the past 
decade, studies have demonstrated that only a small portion of 
cancer cells are sensitive to TRAIL, while most tumors were 
TRAIL-resistant (11,12). This property limits the potential of 
TRAIL-based cancer therapy.

Currently, inhibitors of the apoptosis proteins, cellular 
FLICE-like inhibitory protein (c-FLIP) and inhibitors of 
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apoptosis protein (IAPs, including XIAP) are considered to 
be responsible for cellular TRAIL resistance. The utility of 
TRAIL-based therapy is dependent on mitigating this TRAIL 
resistance. IAPs bind to downstream executor caspases-3/6/7/9 
to inhibit their activities and prevent the execution of apop-
tosis (13,14). To overcome this obstacle, IAPs antagonists with 
excellent activity in vivo have been developed, and several 
of these antagonist (e.g., AT406) are currently under clinical 
investigation (15-18). These IAP antagonists are second 
mitochondria-derived activator of caspase (Smac) mimetics. 
c-FLIP, a procaspase-8 homologue, can compete with procas-
pase-8 to bind to the death effective domain (DED) of FADD 
and block the apoptotic signal from upstream of the apoptosis 
pathway (19). In vitro studies with some cytotoxic anticancer 
agents revealed that the downregulation of c-FLIP induced 
by these agents was partly responsible for their pro-apoptotic 
effects (20).

However, there is no specific antagonist available for c-FLIP 
(21). Downregulating the expression of c-FLIP through specific 
siRNA sensitized resistant melanoma cells to TRAIL-induced 
apoptosis (22). Rocaglamide, a natural product isolated from 
Aglaia species, is a translational inhibitor of de novo c-FLIP 
synthesis (23,24). Previous studies showed that a c-FLIP 
inhibitor and a XIAP inhibitor cooperatively sensitized 
TRAIL-mediated apoptosis in Hodgkin's lymphoma cells 
(25). However, no studies have shown that a triple combination 
can be effective in other solid tumors. Recent genetic analysis 
for various tumor cells revealed the extremely heterogeneous 
nature of cancers (1). The results in a single cancer cell line 
cannot be generalized to other types of cancer cells without 
empirical evidence. Furthermore, there is no safety testing on 
normal cells for this combination treatment. In our investiga-
tion, a combination of AT406 (A) a pan-antagonist of IAPs, 
rocaglamide (R) or c-FLIP-siRNA and TRAIL (T) (ART triple 
combination) was used to evaluate its possible broad spectrum 
activities on selected 17 solid cancer cell lines (from different 
tissues or organs), three glioma cell lines and two normal 
cells (pulp cells and MRC5). In addition, various combination 
effects were assessed. Our study showed that the ART-triple 
combination may be applied as a broad-spectrum antitumor 
therapeutic approach for cancer treatment. We also confirmed 
that our triple combination treatment had no harmful effects 
on normal cells tested, similar to TRAIL-only treatment. 
These features provide a theoretical and experimental basis 
for the TRAIL-induced apoptosis pathway as a potential target 
for cancer treatment.

Materials and methods

Cell lines and culture conditions. The cancer cell lines U87, 
SW480, U251 and U373 were purchased from the Type 
Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). HCT116, HT29, LOVO, H460, SK-OV-3, 
MDA-MB-231, A549, MCF7, SK-BR-3, T-47D, BT474, 
U2OS, HeLa, HepG2, MDA-MB-468, Vcap, and MRC5 were 
purchased from ATCC (MD, USA). HCT116, HT29, LOVO, 
H460, SK-OV-3, MDA-MB-231, A549, U87, MCF7, SK-BR-3, 
T-47D, BT474 and SW480 were maintained in RPMI-1640 
(Hyclone, USA). U2OS, HeLa, HepG2, MDA-MB-468, Vcap, 
U251 and U373 were cultured in Dulbecco's modified minimal 

essential medium (DMEM) growth medium (Hyclone). MRC5 
cells (human embryonic lung cells) were maintained in MEM 
growth medium (Hyclone). All culture media were supple-
mented with 10% fetal bovine serum (Hyclone). All cancer 
cells were maintained in a humidified incubator at 37˚C with 
5% CO2, and passaged with 0.25% trypsin-EDTA when ~80% 
confluence was reached. The pulp cells were isolated and 
cultured according to a previously described method (26).

Antibodies and chemicals. The antibodies for immunoblot-
ting were from the following sources: mouse anti-caspase-8 
p55/53/43/41/18 (#9746), rabbit anti-PARP p118/89 (#9532) 
and mouse anti-caspase-3 p35/19/17 (#9668) were from Cell 
Signaling Technology (Beverly, MA, USA); mouse anti‑FADD 
(#F8053) was from Sigma (St. Louis, MO, USA); rabbit anti-DR5 
was from Abcam (Cambridge, MA, USA); mouse anti-c-FLIP 
(clone 7F10, #ALX-804-961-0100) was from Enzo Life (New 
York, NY, USA) and mouse anti-GAPDH (sc-365062) was from 
Santa Cruz Biotechnology (Dallas, TX, USA). Recombinant 
hTRAIL (#310-04) was from R&D Systems (Minneapolis, 
MN, USA), rocaglamide (#350‑121‑C100) was purchased from 
Enzo Life, AT406 (#S2754) was from Selleckchem (Houston, 
TX, USA) and valproic acid was from J&K Scientific.

Cell viability assay. Cells were seeded in 96-well cell culture 
plates and treated the next day with the given agents for the indi-
cated times. The cells were then incubated with 100 µg/well of 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) at 37˚C for 4 h. Finally, the medium was discarded 
carefully and 150  µl of dimethyl sulfoxide (DMSO) was 
added to solubilize the formazan crystals. The absorbance was 
measured using a Microplate Reader (Perkin-Elmer 2030) at 
a wavelength of 490 nm. The experiments were performed in 
triplicate.

Caspase activity. Cells were seeded in 96-well cell culture plates 
(white/black walled) and treated the next day with the given 
agents for the indicated times, then manipulated according to 
the technical bulletin of Caspase-Glo 3/7 assay (Promega).

Western blotting. For each sample, 1x106 cells were lysed using 
a solubilizing solution [20 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 1% NP-40, 1 mM PMSF, 0.02% NaN3, protease inhibitor 
cocktail tablet; Roche, Mannheim, Germany]. Protein concen-
tration was determined using a Bio-Rad Protein assay kit 
(Hercules, CA, USA). An equal quantity (10-30 µg) of proteins 
was separated by 10-15% SDS-PAGE and transferred onto a 
PVDF membrane (Millipore Corp., Billerica, MA, USA). The 
membrane was blocked in 10% skim milk (in TBS, pH 7.2, 
containing 0.1% Tween-20) overnight at 4˚C, then incubated 
with primary antibodies followed by peroxidase-conjugated 
anti-mouse or anti-rabbit IgG (Thermo Fisher, Inc., Rockford, 
IL, USA). The epitope was detected using an ECL western 
blot detection kit (Millipore Corp.). GADPH was used as an 
internal control for all western blots.

Data analysis. Data were expressed as the means ± SD values 
for western blots or mean ± SEM for cell viability MTT assays. 
Statistical analysis was performed by using Graphpad Prism 5 
software. The IC50 values were evaluated by SPSS version 19. 
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The one-way ANOVA followed by a post hoc multiple 
comparison test was used to compare control (positive control) 
and treated groups. A p-value <0.05 was considered statisti-
cally significant. The cell viability and blot experiments were 
performed in triplicate. Densitometry analysis was performed 
by using ImageJ software.

Results

Inhibition of c-FLIPS/L and IAPs can increase the sensitivity 
of U2OS to TRAIL-induced apoptosis. By evaluating TRAIL 
promotion of tumor cell apoptosis, we found that U2OS is 

resistant to TRAIL-induced apoptosis. Because c-FLIP is 
a crucial apoptotic resistance factor, we used the c-FLIP-
siRNA overexpression plasmid which was reported in our 
previous study to inhibit the expression of c-FLIP (Fig. 1A) 
(27). Furthermore, we determined the effective concentrations 
of AT406 (SM406), a synthetic Smac mimetic that is a pan-
antagonist of IAPs, including XIAP (Fig. 2A, left). The results 
of an MTT assay showed that in combination with TRAIL 
with or without c-FLIP-siRNA, AT406 could increase the cell 
death rate of U2OS (Fig. 1A).

Results of the Caspase-Glo 3/7 assay (Fig. 1B) confirmed 
that c-FLIP-siRNA in the presence of AT406 activated caspase 

Figure 1. The combination of AT406 and downregulation of c-FLIPL/S by c-FLIP-siRNA sensitizes the osteosarcoma cells U2OS to TRAIL-induced apoptosis. 
(A) The osteosarcoma cells U2OS were treated with different concentrations of TRAIL for 24 h. In three other concentration-response experiments, cells were 
pre-treated with AT406 (A) for 1 h and with or without transient transfection with c-FLIP-siRNA for 24 h. The cell viabilities were determined by an MTT 
assay. The results are shown as the mean ± SEM of three separate experiments. (B) Caspase activity of U2OS cells in response to TRAIL with or without 
pre-treatments of A and c-FLIP-siRNA as indicated in the graph was measured by a Caspase-Glo 3/7 assay. (C) The U2OS cells were treated with TRAIL for 
5 h, and with or without pre-treatment of A for 1 h, and transient transfection with c-FLIP-siRNA for 24 h as indicated in the graph. The extrinsic apoptosis 
related proteins were determined by western blots and statistical analyses and are shown in (D). In all experiments if not specified: A, AT406 at 1 µg/ml; EV, 
control empty vector; c-FLIP-siRNA, pSuper-puro-siRNA-c-FLIP vector; T, TRAIL at 100 ng/ml. The results are shown as the means ± SEM in all bar graphs 
of western blots of three independent experiments (NS>0.05, ***p<0.001).
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proteins in the TRAIL-activated apoptotic pathway. That 
is, apoptosis initiator protein caspase-8, apoptosis executor 
protein caspase-3 and apoptosis substrate poly(ADP-ribose) 

polymerase (PARP) were all in their cleaved states to various 
degrees (Fig. 1C and D). All of these results demonstrated that 
c-FLIP-siRNA and AT406 together activated the extrinsic 

Figure 2. Rocaglamide behaves similarly to c-FLIP-siRNA to inhibit the expression of c-FLIPL/S and, in combination with AT406, sensitized U2OS cells for 
TRAIL-induced apoptosis. (A) Different cells (cancer cells and normal cells) were treated by different doses of AT406 (A) and rocaglamide (R). Cell viabilities 
were measured by an MTT assay. (B) Cell viabilities of U2OS in response to TRAIL with or without pre-treatments of A and R as indicated in the graph. 
Cell viability determined by an MTT assay in A and B are presented as the mean ± SEM of three separate experiments. (C) The osteosarcoma cells U2OS 
were treated with different concentrations of rocaglamide for 4 h or treated with 40 nM rocaglamide for different durations. The c-FLIPL/S expression was 
determined using western blots. (D) Statistical analysis of western blots in (C). (E) The U2OS cells were treated with rocaglamide and with or without AT406 
for 8 h. The c-FLIPL/S expressions were determined using western blots. (F) The osteosarcoma cells U2OS were treated with TRAIL at 100 ng/ml for 5 h, and 
with or without pre-treatment of A at 1 µg/ml for 1 h, R at 40 nM for 4 h as indicated in the graph. The extrinsic apoptosis related proteins were determined by 
western blots. (G) Statistical analysis of western blots in F for caspase-3 and PARP related proteins. The bar graphs represent the mean ± SD. The results are 
representative of three independent experiments (NS>0.05, ***p<0.001).
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apoptotic pathway in the presence of TRAIL to induce apop-
tosis.

Triple combination of TRAIL/AT406/rocaglamide functions 
via an extrinsic apoptosis pathway. The c-FLIP-siRNA, 
mentioned above, cannot be transfected successfully to most 
cell lines. Rocaglamide is a natural product isolated from 
Aglaia species and has been previously shown to downregu-
late the expression of c-FLIP in leukemic T cells (23) and 
Hodgkin's lymphoma cells (25). Therefore, we tested whether 
rocaglamide could replace the siRNA. After determining 
the scope of drug safety of rocaglamide (Fig. 2A), we found 
that rocaglamide could also inhibit the expression of c-FLIP 
effectively (Fig. 2C and D). Because AT406 did not interfere 
with rocaglamide (Fig. 2E), we combined AT406 and roca-
glamide with TRAIL. This combination could also increase 
the cell death rate of U2OS cells (Fig.  2B) and similarly 
activated caspase-8, caspase-3 and PARP by increasing the 
cleaved and active forms of these caspases (Fig. 2F and G). 
This result showed that, rocaglamide could inhibit c-FLIP 
as well as c-FLIP-siRNA, and further activated the extrinsic 

apoptotic pathway in combination with AT406 in the presence 
of TRAIL.

The actions of the triple combination overcame the resistance 
of most solid tumor cell lines to TRAIL-induced apoptosis. We 
collected 20 tumor cell lines that originated from colorectal 
cancers (HCT116, HT29, LOVO, SW480), lung cancers (H460, 
A549), ovarian cancer (SK-OV-3), osteosarcoma (U2OS), 
breast cancers (MDA-MB-231, SK-BR-3, T-47D, BT474, 
MDA-MB‑468, MCF7), cervical cancer (HeLa), liver cancer 
(HepG2), prostate cancer (Vcap) and gliomas (U87, U251, 
U373) to test for apoptotic effects induced by TRAIL alone 
(Table I). Among these twenty tumor cell lines, only two cell 
lines, HCT116 and LOVO, responded to TRAIL; the remaining 
18 tumor cell lines were highly resistant.

The addition of AT406 to HCT116 (a TRAIL sensitive cell 
line) or HT29 (a TRAIL-resistant cell line) to antagonize IAPs 
significantly improved the apoptotic effects of TRAIL (Fig. 3A 
and B). Pre-treating these two cell lines with rocaglamide to 
downregulate the expression of c-FLIP showed similar effects 
(Fig. 3A and B). Furthermore, after a combined pre-treatment 

Table I. The sensitivity to TRAIL-induced apoptosis of 20 cancer cell lines with or without pre-treatment of AT406 (A) or 
rocaglamide (R) or A + R combination.

	 IC50 (ng/ml)	 Imax (%)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Entry	 Cell line	 T	 AT	 RT	 ART	 T	 ART-24 h	 ART-72 h

  1	 LOVO	   4.2±1.4	    0.3±0.9	 7.4±7.9	 0.5±0.3	   22±7	   33±8	   6±0.3
  2	 HCT116	 54.2±19	     12±2.9	 5.4±5.1	 2.7±3.3	   22±8	   17±6	   2±0.1
  3	 HT29	 >200	   48.7±21	 106.8±56	 3.4±1.1	   91±3	   14±3	   7±0.5
  4	 H460	 >200	 158±40.7	 9±2.9	 4.3±0.9	   51±7	   34±6	   6±0.6
  5	 BT474	 >200	 >200	 89.3±26	 26.2±7.8	   97±3	   20±1	   3±0,7
  6	 SK-BR-3	 >200	 >200	 122.3±119	 21.9±2.1	   97±6	   29±1	   5±0.2
  7	U 2OS	 >200	 >200	 >200	  11.3±12	   91±8	   24±2	   3±0.5
  8	 T-47D	 >200	 >200	 >200	 35.8±13.2	 102±1	   32±3	   7±0.3
  9	 MDA-MB-231	 >200	 >200	 >200	  17.8±7.3	   81±6	   33±2	   7±0.4
10	 SK-OV-3	 >200	 >200	 >200	 56.6±32.8	   83±7	   41±2	 13±1.8
11	 Vcap	 >200	 >200	 >200	 52.5±20	 100±2	   43±3	 15±1.2
12	 SW480	 >200	 >200	 >200	 >200	 88±10	   62±8	 14±5.3
13	 MDA-MB-468	 >200	 >200	 >200	 >200	   93±4	   71±2	   7±2.4
14	 HeLa	 >200	 >200	 >200	 >200	 101±3	   57±4	 27±0.4
15	 Hep G2	 >200	 >200	 >200	 >200	   70±6	   76±7	 17±7.9
16	 A549	 >200	 >200	 >200	 >200	   81±8	   68±12	 32±10.9
17	U 87	 >200	 >200	 >200	 >200	   85±9	   73±8	 36±2.7
18	 MCF7	 >200	 >200	 >200	 >200	 104±9	   93±7	 48±13.2
19	U 251	 >200	 >200	 >200	 >200	 108±7	 101±12	 81±3.4
20	U 373	 >200	 >200	 >200	 >200	   94±4	 102±4	 93±4.4

Twenty different kinds of cancer cell lines were treated with different concentrations of TRAIL for 24 or 72 h, or pretreated with A for 1 h and/or 
R for 4 h. The cell viability was determined by an MTT assay. The IC50 and Imax (%) were obtained from Fig. 3 as well as the concentration-cell 
viability inhibition curves (not shown) for the AT and RT conditions. The concentrations which cause 50% reduction of cell viability (IC50 

values) were calculated using GraphPad Prism5 software. Imax (%) represents the percentage (%) of cells that remain alive at a maximum dose 
of 200 ng/ml of TRAIL. The results are shown as the means ± SEM of three independent experiments.
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of rocaglamide and AT406, TRAIL-resistant HT29 cells 
became highly sensitive to TRAIL (Fig. 3B).

Next, we treated the 20 cancer cell lines with a combina-
tion of AT406 (1 µg/ml), rocaglamide (40 nM) and TRAIL 
at various concentrations (ART combination) (Table I) for 
24 h of treatment. Our results showed that these 20  tumor 
cell lines could be divided into the following three groups: 
group 1, highly sensitive (<50% relative cell viability), 11 cell 
lines (e.g., HCT116) (Fig. 3A); group 2, sensitive (50-80% 
relative cell viability), 6 cell lines (e.g., HT29) (Fig. 3B); and 
group 3, resistant (>80% relative cell viability), 3 cell lines 
(e.g., MCF7) (Fig. 3C). This ART-induced cell death can be 
further improved over time by extending the treatment to a 
72-h incubation. Only three cancer cell lines were resistant to 
ART even after 72-h treatment (Table I), i.e., the breast cancer 
cell line, MCF7, and brain cancer cell lines, U373 and U251.

Inhibition of IAPs or c-FLIP alone is not sufficient to achieve 
the remarkable cell death induced with an ART triple 
combination. To confirm that an ART triple combination is 

necessary for inducing profound cell death, we determined the 
cell viability inhibition concentration (IC50 values) of TRAIL 
on cancer cells with or without AT406 or rocaglamide pre-
treatment (Table  I). When cells were treated with TRAIL 
alone, IC50 values could be obtained only on TRAIL-sensitive 
LOVO and HCT116 cells. After combination with either 
AT406 or rocaglamide pre-treatment (AT or RT combination), 
the potency of TRAIL increased >4-fold (lower IC50 values) 
in these two cell lines (entries 1 and 2), and IC50 values could 
be obtained on other cancer cells (8 cell lines for AT, 11 cell 
lines for RT). ART triple combination further enhanced the 
apoptosis-inducing effects of TRAIL. For the 11 highly sensi-
tive cancer cell lines, >50% apoptosis was observed after 
24-h treatment (entries 1-11). IC50 values using TRAIL on 
these cells were markedly lower than those values using AT 
or RT combinations, and 7 of them were <10 ng/ml. When 
ART exposure was extended to 72 h, the relative cell viability 
(Imax values) further decreased to <10% for 10 cell lines, and 
10-40% for 7 cell lines (column of ART-72 h). Only three cells 
remained resistant to ART (entries 18-20).

On a protein level, cleaved caspases and PARP were barely 
detected when U2OS cells were treated with TRAIL alone. 
However, ART completely activated the extrinsic apoptotic 
pathway and resulted in cleavage of all related proteins 
(Fig. 2F and G).

Triple combination is safe for normal cells. Mounting evidence 
has demonstrated that TRAIL does not hurt normal cells. To 
assess the safety of ART, cell viability assays were carried out 
using pulp and MRC5 cells. Our results showed that both ART 
and its equivalent AT406/c-FLIP-siRNA/TRAIL combination 
could not induce cell death in these normal cells (Fig. 4A-C). 
Both of these normal cells were resistant to ART even after 
a 72-h treatment (Fig. 4D). Next, we evaluated the variation 
of protein expression levels during TRAIL-induced extrinsic 
apoptosis. Pulp expression of procaspase-3 and procaspase-8 
were much lower than expression in the ovarian cancer cell 
line SK-OV-3. After stimulation by A/R/T in different combi-
nation patterns, we did not observe cleavage of the apoptotic 
proteins procaspase-3/8, but rather, only a slight upregulation 
of these two apoptotic proteins (Fig. 4E and F).

ART-resistance may attribute to the low expression of procas-
pases. To investigate the molecular mechanism of TRAIL- and 
ART-resistance in normal and cancer cells, western blot 
analysis was carried out for the key proteins involved in the 
TRAIL apoptotic pathway, i.e., DR5, FADD, procaspase-3/-8 
and c-FLIPL/S (Fig.  5A and B). DR5 was expressed in all 
of the cell lines, but levels in TRAIL-resistant cells were 
lower. FADD was expressed in all cells at levels unrelated to 
TRAIL- or ART-resistance. The expression of c-FLIPL was 
found in all ten cell lines, although it was relatively higher in 
U87, U251 and pulp cells. c-FLIPS could be clearly observed 
in HT29, U87 and pulp cells, and it was difficult to detect in 
other cells. Notably, procaspase-8 was expressed at relatively 
high levels in ART-sensitive cells (LOVO, HCT116, HT29, 
U2OS and SK-OV-3 cells) and at significantly lower levels in 
ART-resistant cells (U251, U373 and pulp cells). In contrast, 
procaspase-3 in ART-resistant MCF7 cells was nearly invis-
ible. Valproic acid (VA) is an antiepileptic drug with histone 

Figure 3. Concentration-cell viability inhibition curves of TRAIL in the absence 
and presence of AT406 and rocaglamide, and the time course of ART triple 
combination treatments in cancer cell lines. (A-C) Cell viabilities of example 
cell lines HCT116 (A), HT29 (B) and MCF7 (C) in response to TRAIL with or 
without pre-treatment of A and R as indicated in the graph (A at 1 µg/ml; R at 
40 nM. In each TRAIL concentration-response experiments, TRAIL treating 
time is 24 h). The results are shown as the mean ± SEM of three independent 
experiments.
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Figure 4. Normal cell pulp and MRC5 are resistant to ART combination treatment. (A) The pulp cells were treated with 40 nM rocaglamide for different 
durations or with/without c-FLIP-siRNA transfection for 24 h. The c-FLIPL/S expression was determined using western blots. (B) Left, the normal cell pulp 
was treated with different concentrations of TRAIL for 24 h in combination with c-FLIP-siRNA (si-FLIP, transient transfection with c-FLIP-siRNA for 
24 h), AT406 (A) or empty vector (EV) as indicated in the graph. (B) Right, pulp cells were treated with various concentrations of TRAIL for 24 h with or 
without the combination of A and R as indicated in the graph. (C) MRC5 cells were treated with various concentrations of TRAIL for 24 h with or without 
the combination of A and R as indicated in the graph. In experiments of B and C, cells were pretreated by R at 40 nM for 4 h, and A at 1 µg/ml for 1-h 
pretreatment. The cell viability was determined by an MTT assay. (D) The time course of cell viability of pulp and MRC5 cells after treatment with the 
ART combination. In cell viability assays, results are shown as the means ± SEM of three independent experiments. (E) The ART triple combination did not 
activate the extrinsic apoptosis pathway. The normal cell pulp was treated with TRAIL at 100 ng/ml for 5 h, with or without the pretreatment of A at 1 µg/ml 
for 1 h and R at 40 nM for 4 h as indicated in the graph. The ovarian cancer cell SK-OV-3 is shown as a positive control after ART combination treatments. 
(F) Statistical analysis of western blots in (E). Means ± SD are shown in all bar graphs of western blots on the right side. The results are representative of 
three independent experiments.
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deacetylase inhibitory activity (28). We used VA at an appro-
priate concentration to increase procaspase-8 expression 
(Fig. 6). The improvement of procaspase-8 expression resulted 
in the enhancement of apoptotic rate (Fig. 6B-D). Overall, 
levels of procaspase-3/-8 correlated with ART-sensitivity.

Discussion

Recombinant human TRAIL and several agonistic monoclonal 
antibodies of DR4/5 have been developed and used in clinical 
trials (28-30). However, their development as a cancer therapy 
is hampered by the resistance observed in most cancer cells 
(31,32). Although synergy has been described for combina-
tions of TRAIL with a variety of cytotoxic agents, including 
etoposide, 5-FU, oxamflatin, sorbitol, staurosporine, MG132, 
bortezomib, doxorubicin, azacitidine and sorafenibin, these 
synergistic effects were apparent in only TRAIL-sensitive 
tumor cells (33). However, in resistant tumor cells, a combina-
tion of TRAIL or DR4/5 agonist with chemotherapy showed 
no profound effect on cell death.

In this study, we hypothesized that TRAIL resistance 
could be overcome by simultaneously attacking three apop-

tosis inhibiting factors. First, we demonstrated that a higher 
concentration of TRAIL (200 ng/ml) would be necessary for 
competitive binding of DcR1/2 (34). Second, we showed that 
the apoptosis-inhibiting function of IAPs can be blocked by 
adding AT406, a small molecule IAPs inhibitor in clinical 
trials. Third, we showed that the cytosolic apoptotic inhibitor 
c-FLIPL/S can be downregulated by transient transfection of a 
plasmid containing c-FLIP-siRNA or by adding rocaglamide, 
a known c-FLIP expression suppressor (Fig. 5C). We firmly 
believe that only with the elimination of the main inhibitory 
factors of an extrinsic apoptotic pathway, can a drug combi-
nation based on TRAIL achieve the strongest and broadest 
therapeutic effects. This may also be the reason for failure of 
clinical trials of TRAIL or agonist monoclonal antibodies of 
death receptors and cytotoxic agent combinations on different 
cancer types. Additionally, in vitro culture systems are limited 
in making in vivo predictions because TRAIL is quickly 
degraded in vivo (35,36).

A double combination of either AT or RT only slightly 
improved the TRAIL-induced apoptosis on cancer cells. In 
contrast, powerful combined effects were observed for ART 
on most of the resistant cancer cells. Among the 18 TRAIL-

Figure 5. The resistance to synergistic actions of triple combination may be attributed to the low expression of procaspases. (A) TRAIL related apoptosis 
proteins of the 9 selected cell lines and normal cell pulp were detected by western blots without any drug treatment. (B) All of the TRAIL-related apoptosis 
proteins in these 9 cancer cell lines and pulp cells were compared with LOVO. (A) LOVO; (B) HCT116; (C) U2OS; (D) SK-OV-3; (E) HT29; (F) MCF7; 
(G) U87; (H) U251; (I) U373; (J) pulp. The results are presented in the bar graphs as the means ± SD for western blots from three independent experiments. 
(C) Model showing the mechanisms of sensitization of TRAIL-induced apoptosis by rocaglamide as a c-FLIP synthetic inhibitor, and AT406 as a pan-
antagonist of IAPs. Abnormal expression of procaspase-8 prevents the progress of apoptosis pathway in cancer cells and cells develop resistance to both 
TRAIL- and ART triple combination-induced apoptosis.
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resistant cancer cells, after a 72-h triple combination treatment, 
8 became highly sensitive (<10% relative cell viability), and 
7 became sensitive (10-50% relative cell viability). The normal 
pulp and MRC5 cells remained highly resistant to an ART 

triple combination treatment (Fig. 3 and Table I). These results 
clearly demonstrate that the ART triple combination generates 
effects that specifically activates an extrinsic apoptotic pathway 
in solid tumor cells. The profound apoptotic effects of ART 
triple combination on cell lines originally from solid tumors 
also suggests that c-FLIPs and IAPs contribute to the high 
resistance of these cancer cells to TRAIL-induced apoptosis. 
Therefore, a combination of DR 4/5 agonist, IAPs antagonist 
and a c-FLIP antagonist, i.e., the ART combination and its 
equivalents, is likely a better cancer therapy than TRAIL or 
agonistic monoclonal antibodies of the death receptors alone. 
These results also suggest that simultaneous activation of death 
receptors, inhibition of c-FLIP and antagonization of IAPs are 
minimally required for induction of profound apoptosis of 
solid tumor cells.

It is worth noting that ART triple combination does not 
impair normal cells. Previous research suggests that TRAIL-
resistant cancer cells are resistant due to the expression of only 
one anti-apoptotic protein and that these cells have lost the 
redundancy in resistance mechanisms observed in non-trans-
formed cells (37). In contrast, our study suggests that most of 
these highly resistant cancer cells rely on multiple tolerance 
mechanisms rather than only one resistance mechanism. We 
suggest that TRAIL-resistance mechanisms of normal cells 
are far more complicated than cancer cells and at the same 
time, confirm that ART triple combination is safe for normal 
primary culture cells from adults or normal passage cells from 
the human embryo.

Among the 20 cancer cell lines used in this study, the breast 
cancer cell line MCF7 and two brain cancer cell lines remained 
highly resistant to ART triple combination, even after a 72-h 
exposure (Table I and Fig. 3). Western blot analysis revealed 
that c-FLIP is expressed in these cell lines; however, the levels 
of procaspase-8 in these cell lines are lower than in the other 
cell lines. In addition, MCF7 showed extremely low, nearly 
undetectable, levels of procaspase-3 (Fig. 5). These results 
suggest that low expression or loss of procaspase-8 and -3 is 
a likely mechanism for resistance to the ART combination. 
MCF-7 is deficient of caspase-3 and is relatively insensitive 
to many traditional chemotherapeutic agents (38-40). Because 
of the indispensable role of the extrinsic apoptotic pathway, 
deficiency of caspase-3 in MCF-7 results in high TRAIL-
resistance during exposure to the ART combination.

Eggert et al (41) reported that only one out of 18 neuroblas-
toma cell lines showed sensitivity to TRAIL-induced apoptosis. 
This number of TRAIL sensitive cell lines increased to five by 
adding cycloheximide (CHX, a protein synthesis inhibitor) to 
cultured cells to inhibit the synthesis of c-FLIP. The remaining 
13 TRAIL-resistant neuroblastoma cell lines (70%) showed 
a loss of procaspase-8 expression, correlating with resistance 
to TRAIL-induced apoptosis. These results suggest that in 
addition to c-FLIP, the loss of procaspase-8 plays a major 
role in TRAIL resistance in brain cancer cells that originated 
from a neuroblastoma. In our present study, similarly, all three 
glioma cell lines and normal pulp cells showed high resistance 
to TRAIL, as well as ART triple combination treatment 
(Fig. 3 and Table I). Two (U373 and U251) of these glioma 
cell lines and pulp cells also expressed at very low levels of 
procaspase-8 and variable levels of c-FLIPL/S, suggesting 
that the resistance of these cells to TRAIL and ART are the 

Figure 6. The procaspase-8 expression positively correlates with TRAIL 
inducing apoptosis. (A) Different cells (U87, U251, U373) were treated by 
different concentrations of valproic acid (VA) for 24 h. Cell viabilities were 
measured by MTT assay. (B-D) Cell viabilities of U87, U251 and U373 in 
response to ART with or without pre-treatments of VA (1 µM, 24 h) as indi-
cated in the graph. Procaspase-8 in U87/U251/U373 were tested by western 
blots with or without VA (1 µM) pretreated for 24 h. Statistical analyses of 
each western blots are on the top. Cell viability determined by MTT assays 
in A/B/C/D were presented as mean ± SEM of three separate experiments 
performed in triplicate. The results are shown as the means ± SEM in all 
bar graphs of western blots of three independent experiments (NS>0.05, 
**p<0.01, ***p<0.001).
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results of low level expression of procaspase-8 and the pres-
ence of anti-apoptosis factors, such as c-FLIP and/or IAPs. 
The underlying mechanisms of TRAIL resistance caused by 
decreased expression of the caspase-8 initiator have been 
attributed to epigenetic silencing, such as DNA methyla-
tion, histone acetylation modification (42-45). Indeed, when 
histone deacetylase inhibitor was used on three glioma cell 
lines, the procaspase-8 expression increased. There is more 
cell apoptosis under ART treatment (Fig. 6). Decreased 
caspase-8 activities in some cancer cells are related to 
procaspase-8 gene mutation (41,46‑48), decrease in stability, 
and incomplete activation (42-46,49,50) (Fig. 5C). The loss 
of procaspase-8 expression is particularly prevalent in both 
neuroblastoma (39) and glioma brain cancer cells. These 
results may explain the poor prognosis of patients suffering 
from malignant brain cancers regardless of the therapy.

Recently reported unsuccessful clinical phase 2 studies of 
rhTRAIL or agonistic monoclonal antibodies to death recep-
tors using a randomly unselected patient population, with and 
without traditional chemotherapy (10,11), suggest that future 
clinical studies should consider the aforementioned mecha-
nisms of TRAIL resistance in tumors. For peripheral solid 
tumors, it appears that a majority of tumor cells are sensitive 
to ART triple combination therapy; however, a small number 
of these tumors may have mutations in the procaspase-8 gene 
rendering caspase-8 inactive (50). Future clinical protocol 
designs and prognosis analysis based on death receptors 
should exclude patients with abnormal expression of procas-
pase-8 (51).

Indeed, the TRAIL resistance of cancer cell lines was 
successfully reversed with ART in the majority of peripheral 
solid tumor cells with the exception of brain cancer cells. 
While being used alone, AT406 has only a limited effect on 
cancer cell death (Fig. 2A). For rocaglamide, certain degrees 
of cytotoxicity were observed on both cancer cell lines and 
normal cells (Fig. 2A). The fact that rocaglamide is cytotoxic 
to normal cells could raise concerns for the future applica-
tion of ART combination therapy. To study the cause of this 
cytotoxicity, we carried out additional experiments in which 
rocaglamide was replaced with c-FLIP-siRNA. However, 
similar results were obtained using c-FLIP-siRNA alone or 
in combination with TRAIL and AT406, confirming that this 
cytotoxicity is the result of c-FLIP downregulation and the 
suppression of the anti-apoptotic functions of c-FLIP (52,53). 
Therefore, it is highly desirable to develop a specific disruptor 
or antagonist of c-FLIP-FADD interactions to avoid the cyto-
toxicity caused by changes in the cellular levels of c-FLIP in 
normal cells.
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