
136 Neoplasma 61, 2, 2014

doi:10.4149/neo_2014_019

Inhibition of MEK sensitizes gastric cancer cells to TRAIL-induced apoptosis
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Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), which has long been believed to be highly selective in 
inducing apoptosis in cancer cells, has turned out to be a molecule that induces a far more diverse range of effects. The aim
of this study was to investigate whether or not ERK1/2 pathway is involved in antitumor effects of TRAIL on gastric cancer
cells. In addition to activate the extrinsic and intrinsic apoptotic pathway, TRAIL also triggered the activation of ERK1/2. 
Inhibition of ERK1/2 signaling by MEK inhibitor U0126 promoted cell death via increased activation of caspases, drop in 
mitochondrial membrane potential and downregulation of XIAP, cIAP2 and Mcl-1. These results indicate that TRAIL-induced
rapid activation of ERK1/2 may be a survival mechanism to struggle against TRAIL assault at the early stage, and inhibition 
of ERK1/2 signaling can sensitize gastric cancer cells to TRAIL-induced apoptosis.
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Tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) is a member of the tumor necrosis factor (TNF) 
family that appears to be a promising candidate for cancer 
therapeutics because it has the ability to preferentially initiate 
apoptosis in malignant cells with minimal toxicity to normal 
cells [1, 2]. The potential significance of TRAIL has been sup-
ported by studies in animal models showing selective toxicity 
to human tumor xenografts but not normal tissues [3].

Induction of apoptosis by TRAIL is mediated by its inter-
action with two death receptors, TRAIL-R1 and -R2. This in
turn orchestrates the assembly of adaptor components such as 
Fas-associated death domain (FADD) and pro-caspase-8, lead-
ing to the formation of the death-inducing signaling complex 
(DISC) in which pro-caspase-8 is activated by dimerization 
and subsequent autocatalytic cleavage. The activated caspase-
8 can then activate downstream effector caspases such as
caspase-3 either directly (extrinsic pathway) or indirectly by 
recruitment of the mitochondria (intrinsic pathway), leading 
eventually to apoptosis. Crosstalk between the extrinsic and 
intrinsic apoptotic pathways is accomplished by caspase-8 
cleavage of Bid into truncated Bid (tBid). tBid activates Bax 
and Bak, leading to mitochondrial pore formation through 
their oligomerization. Subsequently, cytochrome c translocates 
from mitochondria to cytoplasm where it induces the assembly 

of apoptosome and activation of caspase-9. In parallel, Smac/
DIABLO leaves intermembrane compartment of mitochon-
dria and releases caspase-3 and caspase-9 from Inhibitor of 
apoptosis proteins (IAPs) -mediated inhibition [2].

Pre-existing or acquired resistance is a common obstacle in 
cancer therapy. Studies using cell lines, preclinical animal mod-
els and clinical trials indicate that TRAIL-based therapeutics 
are no exception. Theoretically, resistance mechanisms could
target any of the events starting from TRAIL ligand- binding 
through to the end point of apoptosis by affecting the expres-
sion and/or function of TRAIL pathway components. Multiple 
mechanisms have been identified, including downregulation
of TRAIL-R1 and/or -R2 [4, 5], elevated cFLIP [6], loss of pro-
apoptotic Bax [7] and/ or Bak [8] as well as overexpression of 
anti-apoptotic Bcl-2 [9], Bcl-XL [10] and Mcl-1 [11, 12] and 
high expression level of IAPs [13].

In addition to triggering apoptosis, TRAIL also promotes 
the activation of noncytotoxic signal pathway, including 
nuclear factor-κB (NF-κB) [14], mitogen-activated protein 
kinases (MAPKs) [15] and protein kinase B (PKB)/Akt [16]. 
The signaling events downstream of receptor ligation have not
been fully clarified, but proteins such as FADD, caspase-8, TNF
receptor type 1-associated death domain (TRADD), recep-
tor-interacting protein (RIP), TNF receptor-associated factor 



137137ERK1/2 IN TRAIL SIGNALING

2 (TRAF2), NEMO/IKKγ and cIAP1/2 appear to be involved 
in regulating these alternative pathways [15]. So the balance 
between apoptotic and non-apoptotic pathways seems to have 
a decisive role in determining the cellular fate. 

MAPKs are a group of protein serine/threonine kinases 
that are activated in response to a variety of extracellular 
stimuli. In mammalian cells, three major types of MAPKs 
cascades have been identified: extracellular signal-regulated
kinase 1/2 (ERK1/2), Jun N-terminal kinase (JNK) and p38 
kinase. In the ERK1/2 pathway, activation of receptor tyrosine 
kinases by growth factors induces phosphorylation and acti-
vation of a cascade of kinases, including Ras, Raf, MAP/ERK 
kinase (MEK), and ERK. The active phosphorylated form of
ERK1/2 (p-ERK) translocates to the nucleus and phosphor-
ylates transcription factors that control cell proliferation and 
differentiation [17]. Past studies have shown that constitu-
tive activation of MEK/ERK pathway is a common cause 
for resistance of cells to death receptor-mediated or mito-
chondria-mediated apoptosis. Recently, blocking MAPK via 
small-molecule MEK inhibitors has come to the forefront as 
an exciting approach in cancer therapeutics. MEK inhibitors 
can potentiate the effect of other anticancer therapeutic agents
including TRAIL [18-20]. 

In the present study, we investigated the role of ERK1/2 
pathway in TRAIL signaling. TRAIL induced rapid but 
relatively transient activation of ERK1/2, this may be a kind 
of survival mechanism to struggle against TRAIL assault at 
the early stage, and inhibition of MEK could sensitize gastric 
cancer cells to TRAIL-induced apoptosis, this appeared to be 
associated with increased activation of caspases, loss of mito-
chondrial membrane potential, together with downregulation 
of XIAP, cIAP2 and Mcl-1. 

Materials and methods

Cell culture. Human gastric cancer cell lines BGC-823 and 
SGC-7901 were obtained from Type Culture Collection of 
Chinese Academy of Sciences (Shanghai, China). Cells were 
cultured in DMEM (Gibco, Grand Island, NY, USA) contain-
ing 10% heat-inactivated fetal bovine serum, L-glutamine, 
and penicillin/ streptomycin in a humid environment of 5% 
CO2 at 37°C.

Reagents. Recombinant human TRAIL was supplied by 
Immunex (Seattle, WA, USA). MEK inhibitor (U0126), and 
Reverse Transcription System were purchased from Promega 
(Madison, WI, USA). Propidium iodide (PI) was obtained 
from Sigma-Aldrich (St Louis, MO, USA). JC-1 dye was from 
Molecular Probes (Eugene, OR, USA). The general caspase
inhibitor, Z-Val-Ala-Asp (Ome)-CH2F (z-VAD-fmk), the 
caspase-8 inhibitor, Z-lle-Glu (Ome)-Thr-Asp (Ome)-CH2F 
(z-IETD-fmk), and the caspase-9 inhibitor, Z-Leu-Glu (Ome)-
His-Asp (Ome)-CH2F (z-LEHD-fmk) were purchased from 
Calbiochem (Merck KgaA, Darmstadt, Germany). Mouse 
monoclonal antibodies against caspase-3, PARP, pERK1/2, 
caspase-8, caspase-9, Bcl-2 and rabbit polyclonal antibodies 

against ERK1/2, Mcl-1 were all from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Mouse monoclonal antibodies 
against Bid and Survivin, rabbit monoclonal antibodies against 
XIAP and cIAP2, rabbit polyclonal antibodies against Bcl-XL 
and cIAP1, were obtained from Cell Signaling Technology 
(Danvers, MA, USA). Premix Ex TaqTM were purchased from 
Takara (Dalian, China).

Measurement of apoptosis. Apoptotic cells were deter-
mined by the propidium iodide method. Briefly, cells were
seeded at 1×105 cells/well in 24-well plates and allowed to reach 
exponential growth for 24 h before treatment. Non-adherent 
cells were collected, and centrifuged at 200×g. A hypotonic 
buffer of 0.75 ml (50 mg/ml propidium iodide in 0.1% sodium
citrate plus 0.1% Triton X-100) was added directly to the adher-
ent cells for 20 min at 37°C, then gently pipetted off. The tubes
were placed in 4°C in the dark overnight before flow cytometric
analysis using a Becton Dickinson FACSCalibur flow cytom-
eter (Franklin Lakes, NJ, USA). The sub-G1 population was
calculated to estimate the apoptotic cell population.

Measurement of mitochondrial membrane potential 
(MMP). Cells were seeded at 1×105 cells/well in 24-well plates 
and allowed to reach exponential growth for 24 h before treat-
ment. Adherent cells and non-adherent cells were collected, 
then incubated with 10 μg/ml of JC-1 in warm PBS at 37°C 
for 15 min. After washing with PBS, the cells were analyzed
using a Becton Dickinson FACSCalibur flow cytometer. Cells
with polarized mitochondria are in the upper-right quadrant 
of the dot plot due to the formation of JC-1 aggregates, cells 
with depolarized mitochondria are visualized in the lower-
right quadrant in the dot plot.

Western blot. Cells were harvested, and gently lysed in lysis 
buffer for 30 min on ice before centrifugation at 14,000×g at 
4°C for 30 min. Supernatants were collected and protein con-
centrations were determined by the BCA assay. A total of 20 μg 
of protein was electrophoresed on SDS-PAGE gels and trans-
ferred to nitrocellulose membranes (Amersham Biosciences, 
Buckinghamshire, UK). Membranes were blocked, incubated 
with primary antibodies, and subsequently incubated with 
HRP-conjugated secondary antibodies. Labeled bands were 
detected by Pierce SuperSignal West Femto Chemiluminescent 
Substrate (Rockford, IL, USA), and images were captured and 
the intensity of the bands were quantitated with the Tanon Au-
tomatic Digital Gel Imaging System 4500 (Shanghai, China).

Real-time PCR. Total RNA was isolated, and reverse 
transcription was carried out using AMV transcriptase and 
Oligo(dT)15, and the resulting cDNA products were used 
as template for real-time PCR assays. It was performed 
using the Applied Biosystems StepOnePlus Real-Time 
PCR System (Carlsbad, CA, USA). Mcl-1 forward primer: 
5’-GGAAGGCCTGGAGACCTTA-3’, reverse primer: 
5’-CAACGATTTCACATCGTCTTCGT-3’, probe: 5’ (FAM)-
TTGATGTCCAGTTTCCGAAGCATGC CT- (ECLIPSE)3’. 
Analysis of cDNA for GAPDH was included as a control. After
incubation at 95°C for 5 sec, the reaction was carried out for 
40 cycles as the following: 95°C for 15 sec and 60°C for 40 sec. 
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The threshold cycle value (Ct) was normalized against GAPDH
cycle numbers. The relative abundance of mRNA expression of
a control sample was designated as 1, and the values of other 
samples was calculated accordingly.

Statistical analysis. The experiments were repeated at
least three times. Data are expressed as the means ± SD. 
Differences in the results for two groups were evaluated by
the Student’s t-test. P<0.05 was considered to be statistically 
significant.

Results

TRAIL induced apoptosis in gastric cancer cells. We ex-
amined the apoptosis-inducing potential of TRAIL by treating 
the two cell lines with a range of concentrations as follows: 0, 
25, 50, 100, 200, 500 and 1000 ng/ml for 24 h. As shown in 
Fig. 1A, TRAIL induced apoptosis of the gastric cancer cells in 
a dose-dependent manner. Induction of apoptosis by TRAIL at 
100 ng/ml was confirmed by treating the cells for varying time
periods (Fig. 1B). Our data showed that the two gastric cancer 
cell lines were not completely resistant to TRAIL, BGC-823 

cells were more sensitive to TRAIL-induced apoptosis than 
SGC-7901 cells.

To assess the role of caspases in TRAIL-induced apoptosis, 
cells were pretreated with the pan caspase inhibitor z-VAD-fmk, 
or specific inhibitors of caspase-8, z-IETD-fmk, or caspase-9,
z-LEHD-fmk, 1 h before adding TRAIL for another 24 h. As 
shown in Fig. 1C, three inhibitors blocked TRAIL-induced 
apoptosis nearly completely. Western blot analysis showed that 
TRAIL-induced rapid caspase-3 activation and PARP cleavage 
in gastric cancer cells. In BGC-823 cells, capase-3 activation and 
PARP cleavage were detected as early as 1 h, while in SGC-7901 
cells these were observed at 3 h (Fig. 1D). 

TRAIL induced ERK1/2 activation in gastric cancer cells. 
To determine the role of ERK1/2 pathway in TRAIL signaling, 
we investigated ERK activation in the two gastric cancer cell 
lines. As shown in Fig. 2A, prior to stimulation with TRAIL, 
the levels of activated (phosphorylated) ERK1/2 were very low, 
after TRAIL treatment there was strong activation of ERK1/2.
In BGC-823 cells, activated ERK1/2 level reached maximum 
at 30 min and then downregulated, while, in SGC-7901 cells, 
it increased at 30 min and reached a peak at 1 h. 

Figure 1. TRAIL induces apoptosis of gastric cancer cells. Cells were treated with (A) increasing concentration of TRAIL for 24 h or (B) TRAIL (100 ng/ml) 
for the indicated time or (C) the pan caspase inhibitor z-VAD-fmk (20 μmol/L), the caspase-8 inhibitor z-IETD-fmk (20 μmol/L), or the caspase-9 inhibitor 
z-LEHD-fmk (20 μmol/L) for 1 h before adding TRAIL (100 ng/ml) for a further 24 h. Apoptosis was analyzed by the propidium iodide method using flow
cytometry. Data represent mean ± SD of three experiments. D, Cells treated with TRAIL (100 ng/ml) for indicated periods were subjected to Western blot 
analysis with antibodies against caspase-3 and PARP. β-actin was used as loading control. 
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Inhibition of ERK1/2 signaling sensitized gastric cancer 
cells to TRAIL-induced apoptosis. Pretreatment with U0126, 
a specific MEK inhibitor, followed by exposure to TRAIL
effectively attenuated the phosphorylation of ERK1/2 (Fig.
2B). And combined treatment with both TRAIL and U0126 
was more effective than TRAIL alone in inducing cell death
(Fig. 2C). These results suggested that activation of ERK1/2
pathway may represent a major intracellular mechanism 
involved in resistance to TRAIL-induced apoptosis of gastric 
cancer cells.

To explore the molecular mechanisms involved in the sen-
sitization of gastric cancer cells to TRAIL-induced apoptosis 
by U0126, we studied the key caspases in the extrinsic and 
intrinsic apoptotic pathway. Exposure to TRAIL alone induced 
modest cleavage of caspase-8 and Bid, and there were further 
increases in caspase-8 and Bid cleavage in the presence of 
U0126. Furthermore, the same treatment resulted in a dra-
matic increase in caspase-9, caspase-3 activation and PARP 
cleavage (Fig. 3A). Treatment with U0126 or TRAIL alone 
resulted in a minor reduction in the MMP, and a considerable 
drop of MMP was observed when U0126 and TRAIL were 
combined (Fig. 3B).

Next we examined the involovement of IAPs, as shown in 
Fig. 3A, TRAIL alone induced a slight decline in the expression 
of XIAP in the two cell lines, but when U0126 and TRAIL were 

combined, its expression level reduced sharply. There was also
a decrease in the expression of cIAP2 in the SGC-7901 cells, 
whereas no changes were found in the expression of Survivin 
and cIAP1 with any treatment in the two cell lines.

U0126 downregulated the levels of Mcl-1 in gastric can-
cer cells. The intrinsic mitochondrial pathway is regulated
by the Bcl-2 family members. After U0126 treatment, Mcl-1
protein level was significantly decreased. In contrast, the ex-
pression of Bcl-2 and Bcl-XL remained unchanged (Fig. 3C). 
Consistent with this phenomenon, Mcl-1 mRNA level was 
downregulated after exposure to U0126 as early as 4 h (Fig.
3D). It can be expected that Mcl-1 downregulation is the main 
candidate for TRAIL sensitization.

Discussion

Gastric cancer is one of the most common malignancies 
worldwide, particularly in east Asia. The prognosis remains
poor despite significant progress in the treatment over the
last decades. Despite the powerful activity of TRAIL towards 
most types of cancer cells, some tumors, including gastric 
cancer cells, display intrinsic or acquired resistance to TRAIL-
induced apoptosis. Avenues must be explored to overcome 
the resistance. In the present study, we found that TRAIL 
could stimulate apoptosis in the two gastric cancer cell lines, 

A B

C

Figure 2. Inhibition of MEK sensitizes gastric cancer cells to TRAIL-induced apoptosis. A, After TRAIL (100 ng/ml) treatment, cells were harvested
and cell lysates were subjected to Western blot analysis of pERK1/2 and ERK1/2 expression. B, Cells were incubated with TRAIL (100 ng/ml) for 0.5 h, 
U0126 (20 μmol/L) for 1 h, or U0126 (20 μmol/L)for 1 h before adding TRAIL (100 ng/ml) for another 0.5 h. Identical concentrations were used in later 
experiments. Whole-cell lysates were subjected to Western blot analysis of pERK1/2 and ERK1/2 expression. C, Cells were treated with TRAIL, U0126, 
or the combination of U0126 and TRAIL for 20 h before assay of apoptosis by flow cytometry. Data were represented as mean ± SD of duplicates. *
p<0.05 vs TRAIL alone.
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and its activity was mediated by activating both the extrinsic 
(caspase-8-mediated) and the intrinsic (caspase-9-mediated) 
pathways. 

Extracellular signals are transduced into the cells via a com-
plex network. Specificity of the cellular response is determined

by an equilibrium which is reached between a host of distinct 
pathways. In recent years, several reports have demonstrated 
that TRAIL is able to activate NF-κB, Akt, JNK and ERK1/2 
pathways. These pathways may play roles in counteracting the
apoptosis-inducing potential of TRAIL. When constitutively 

Figure 3. MEK inhibition increases the activation of caspases, decreases MMP and downregulates the expression level of XIAP, cIAP2 and Mcl-1. Cells 
were treated with TRAIL for 3 h, U0126 for 20 h or U0126 for 20 h followed by TRAIL for another 3 h. A, Whole-cell lysates were subjected to Western 
blot analysis of pro-caspase-8, Bid, pro-caspase-9, caspase-3, PARP, XIAP, Survivin, cIAP1 and cIAP2 levels. β-actin was used as a internal control. 
B, The MMP was measured by uptake of JC-1 using flow cytometry. The number in each lower-right quadrant represents the percentage of cells with
reduction in MMP. C, Cells were treated with U0126 for 20 h, then subjected to measurement of Mcl-1, Bcl-2 and Bcl-XL expression by Western blot 
analysis. D, Cells were treated with U0126 for the indicated time points before measurement of Mcl-1 mRNA using real-time PCR. Results are expressed 
as mean ± SD. * p<0.05 vs 0 h.
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active, NF-κB and Akt confers TRAIL resistance, and blockage 
of these two pathways reverses the resistance to TRAIL [14, 16, 
21-24]. The role of JNK activation in apoptosis is highly con-
troversial, being suggested to have a pro-apoptotic (JNK1α2 
and/or JNK1β2), anti-apoptotic (JNK1α1 and/or JNK1β1) or 
no role in this process [25]. In hepatocellular carcinoma cells, 
inhibition of JNK also enhanced the sensitivity to TRAIL [26]. 
In squamous cell carcinoma cells, it is proposed that sustained 
activation of JNK initiates cell death, while transient activation 
of JNK favors cell survival [27].

Usually, the activation of ERK1/2 in response to death 
stimuli is believed to have an anti-apoptotic effect, based
on the evidence of TRAIL-induced rapid ERK activation in 
certain tumor cell lines, and inhibition of ERK1/2 sensitizes 
TRAIL-resistant tumor cells to TRAIL [28-30]. In the present 
study, we focused on the effect of ERK1/2 pathway in TRAIL
signaling.

TRAIL induced rapid but relatively transient phospho-
rylation of ERK1/2 in gastric cancer cells and inhibition of 
MEK, which is upstream of ERK1/2, by U0126, decreased 
ERK1/2 phosphorylation and reversed the resistance of cells 
to TRAIL-induced apoptosis. It is worthwhile to note that 
inhibition of MEK by itself did not induce apoptosis. This
suggests that constitutively activation of ERK1/2 kinase is not 
needed for survival of the gastric cancer cells and only becomes 
important for survival when activated by exogenous stimuli, 
such as TRAIL. However, in diffuse large B-cell lymphoma,
the novel MEK inhibitor, AZD6244, induced Bim-dependent 
apoptosis [31]. 

Combined treatment with U0126 and TRAIL resulted in 
marked cleavage of Bid, activation of caspase-9, loss of mito-
chondrial membrane potential, and enhanced activation of 
caspase-3 and PARP cleavage. These findings indicate that
both the extrinsic and intrinsic pathway were involved in the 
sensitization of U0126 to TRAIL-induced apoptosis. 

Although the expression levels of Survivin and cIAP1 
were not changed, notable decrease of XIAP occurred in the 
two cell lines. And in SGC-7901 cells, cIAP2 downregulation 
was also observed. It can be expected that downregulation of 
XIAP and cIAP2 may be an important factor for modulating 
TRAIL sensitivity. 

At the level of mitochondria, anti-apoptotic Bcl-2 family 
proteins have been shown to protect cells against TRAIL-
induced apoptosis. Evidence is accumulating that Mcl-1 may 
play more profound roles than Bcl-2 and Bcl-XL in response to 
a variety of death stimuli. Mcl-1 binds and sequesters Bax and 
Bak blocking their ability to form pores in the mitochondrial 
membrane and to release cytochrome c into the cytoplasm. 
Degradation of Mcl-1 frees Bax and Bak allowing their po-
lymerisation and activating apoptosis [32]. Enhanced Mcl-1 
expression has been observed in multiple human cancers, 
often in association with poor prognosis, disease recurrence,
or drug resistance [33-35]. In our study, Mcl-1 expression was 
elevated in the gastric cancer cells, while U0126 decreased 
its expression level. Reduction in Mcl-1 abundance is most 

frequently observed upon inhibition of the ERK1/2 pathway 
and this partly reflects direct ERK1/2-dependent regulation of
Mcl-1 [36]. Inhibition of ERK1/2 promotes the proteasome-
dependent degradation of Mcl-1 whereas activation of ERK1/2 
inhibits the degradation of Mcl-1. ERK1/2 phosphorylates 
Mcl-1 directly at Thr163 within the PEST domain and this 
stabilizes Mcl-1 [37]. 

Taken together, this report demonstrated that ERK1/2 
activation provided the early-stage protection against TRAIL, 
and MEK inhibitor (U0126) could sensitize gastric cancer 
cells to TRAIL-induced apoptosis by promoting activation of 
the apoptotic pathway. Extensive preclinical data support the 
importance of the MAPKs signaling pathway in cancer biol-
ogy and its potential as a therapeutic target in human cancers. 
Although many strategies have been developed to suppress 
MAPKs activity, small-molecule MEK inhibitors represent the 
most specific strategy tested to date. Combination of U0126
and TRAIL may achieve higher efficacy in a variety of tumors
that are resistant to TRAIL. 
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