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a b s t r a c t

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) triggers tumor-specific apoptosis.
However, some tumors and cancer cell lines are resistant to TRAIL. Here, the effect of the non-steroidal
anti-inflammatory drug aspirin on sensitization of human cervical cancer cells to TRAIL and the underly-
ing mechanism(s) of the effect were explored. Combination treatment with aspirin and TRAIL markedly
enhanced apoptotic cell death, as assessed by lactate dehydrogenase (LDH) assay and analysis of cell
cycle sub-G1 phase. The two agents together activated the several caspases and mitochondrial signaling
pathway. Whereas Mcl-1 protein level was increased and extracellular signal-related kinase (ERK)1/2
was activated in cells treated with TRAIL alone, combination treatment dramatically inhibited ERK1/2
activation and down-regulated Mcl-1 protein level. An inhibitor of ERK1/2 activation, PD98059, also
augmented TRAIL-induced apoptosis. Combination treatment with PD98059 and TRAIL showed the acti-
vation of caspases and mitochondrial pathway, and the down-regulation of Mcl-1 level. These results
suggest that cancer cells can be sensitized to TRAIL-induced apoptosis by pre-treatment with aspirin
via suppression of ERK1/2 activation. These findings provide a basis for further exploring the potential
applications of this combination approach for the treatment of cancer, including cervical cancer.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a member of the tumor necrosis factor (TNF) gene super-
family and a promising anticancer cytokine because of its preferen-
tial toxicity in cancer cells [1]. TRAIL interacts with so-called death
receptors on the cell surface, TRAIL receptor-1 (DR4) and/or TRAIL
receptor-2 (DR5), to activate the extrinsic apoptosis signaling path-
way. Upon binding of TRAIL to its receptor, initiator caspase-8 is re-
cruited to the receptor and activated via adaptor proteins such as
fas-associated death domain (FADD) or TNFRSF1A-associated
death domain (TRADD) [2]. Strong caspase-8 activity may in turn
directly activate effector caspases (caspase-3, -6, and -7). TRAIL
can also activate the intrinsic pathway of apoptosis through mito-
chondrial events. The intrinsic pathway involves regulation of the
activity of Bcl-2 family members, including Bcl-2 and Mcl-1, which
control the integrity of the mitochondrial membrane. The release
of proapoptotic factors such as cytochrome c from the mitochon-
dria into the cytoplasm promotes the activation of initiator cas-
pase-9, which then activates the effector caspases; this may also
require signal amplification via cleavage of the Bcl-2 family protein
Bid [3].
ll rights reserved.
Recombinant TRAIL induces apoptosis in a diverse set of cancer
cell lines in vitro and suppresses primary tumor growth and metas-
tasis in preclinical in vivo models. It is currently being tested as a
cancer therapeutic agent in clinical trials [4,5].

The potential of TRAIL as an antitumor agent, however, is lim-
ited by the emergence of resistance to TRAIL-induced apoptosis
in many human tumors and cancer cells, including human cervical
cancer cells, HeLa. TRAIL resistance can occur through any number
of defects in TRAIL signaling pathways, including down-regulation
of expression of the TRAIL death receptors, loss of function of the
proapoptotic Bcl-2 family member Bax, over expression of anti-
apoptotic Bcl-2 family members [6–8]. In addition, TRAIL itself
could induce anti-apoptotic pathways [9,10]. Although several
groups have reported various potential agents [6,7,11–13], and
chemotherapeutic agents in combination with radiation [14,15]
by which TRAIL resistance may be overcome, efficient sensitizing
strategies still remain to be explored.

Aspirin (acetylsalicylic acid) is a non-steroidal anti-inflamma-
tory drug (NSAID) that suppresses the activity of the cyclooxygen-
ase enzymes (COX-1 and COX-2). Aspirin has additional effects
such as antitumor activity in several cancer cell lines, and has been
shown to reduce the risk associated with various types of malig-
nancies [16–18]. In addition to its cytotoxic effect on many types
of cancer cells, aspirin can sensitize cancer cells to TRAIL-induced
apoptosis [19–21]. However, the detailed mechanisms involved
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in sensitizing effect of aspirin to TRAIL treatment still remains
unclear. We tested whether aspirin could enhance the sensitivity
to TRAIL and investigated the underlying mechanism(s) of TRAIL
sensitization in human cervical cancer cells. We found that pre-
treatment with aspirin augmented TRAIL-induced apoptosis in
the cells through inhibition of ERK1/2 activation and a subsequent
increase in caspase activity and down-regulation of Mcl-1. These
results show that suppression of ERK1/2 activation may be an
important means to sensitize cervical cancer cells to TRAIL. Further
research on this pathway may result in an efficient cancer treat-
ment modality in the future.

2. Materials and methods

2.1. Cell culture

Human adenocarcinoma (HeLa) cells were obtained from the
American Type Culture Collection. Cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco-BRL) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin–strep-
tomycin (Gibco-BRL). Cells were maintained in a 37 �C humidified
incubator with a mixture of 95% air and 5% CO2.

2.2. Reagents

Aspirin purchased from Sigma–Aldrich was dissolved in DMSO
and the pH was adjusted to 7.0 using 10 N NaOH. Recombinant hu-
man TRAIL/Apo2 ligand (10 non-tagged 19 kDa protein, amino
acids 114–281) was obtained from KOMA Biotech (Seoul, South
Korea). The ERK1/2 inhibitor PD98059 and caspase inhibitor
zVAD-fmk were purchased from Cell Signaling.

2.3. Antibodies

Anti-caspase-3, anti-caspase-8, anti-caspase-9, anti-PARP, anti-
Bid, anti-Bak, anti-Mcl-1, anti-phospho-p44/42 MAPK (p-ERK1/2)
(Thr202/Tyr204), and anti-ERK1/2 antibodies were purchased from
Cell Signaling; anti-Cox-4 and anti-cytochrome c antibodies were
purchased from Clontech; anti-Bcl-2 antibody was from Epitomics;
anti-DR5 and the horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG polyclonal antibodies were from AbCam; anti-DR4
and anti-a-tubulin antibodies were from Upstate and Abfrontier,
respectively.

2.4. Cytotoxicity assay (LDH assay)

Lactate dehydrogenase (LDH) is a stable cytosolic enzyme that
is released upon membrane damage. LDH activity was measured
using a commercial cytotoxicity assay kit, according to the manu-
facturer’s instructions (Promega). Briefly, LDH released into culture
supernatants was measured using a coupled enzymatic assay in
which conversion of tetrazolium salt results in the formation of
red formazan product. Cells were treated as indicated and then
LDH released into the culture medium was measured. Absorbance
at 490 nm was recorded using a Model 680 Microplate Reader
(Bio-Rad).

2.5. Analyses of sub-G1 population of cell cycle

Propidium iodide (PI) staining and flow cytometry were used to
assess cell cycle distribution and apoptosis. Cells (2 � 105) were
washed with 1 ml of phosphate-buffered saline (PBS) and then
treated with 1 ml of 0.05% trypsin–EDTA at 37 �C for 3 min. Cells
were washed with 1 ml of PBS and then resuspended in 50 ll of
PBS. Resuspended cells were added dropwise into 1 ml of cold
70% ethanol with gentle vortexing and then kept at �20 �C over-
night. The fixed cells were centrifuged at 400g at 4 �C for 10 min
and then the pellets were washed with 1 ml of PBS and resus-
pended in 50 ll of PI (10 lg/ml in PBS) and RNase (300 lg/ml).
Cells were incubated at 37 �C for 60 min before being analyzed
by flow cytometry (FACS Aria III model) using Diva program
(Becton Dickinson).

2.6. Annexin-V/PI staining

Apoptotic cell death was assessed by double staining using an
FITC-labeled annexin V/PI Apoptosis Detection kit (BD Bioscience),
according to the manufacturer’s instructions. Briefly, cells (2 � 105)
were washed with PBS and collected by trypsinization. Cells were
sedimented by centrifugation (1500 rpm for 5 min), washed with
PBS, resuspended in 200 ll of 1X binding buffer containing 5 ll
of annexin V-FITC and 5 ll of PI (10 lg/ml in PBS) for 15 min. Cells
were analyzed immediately using the flow cytometer. Cells in early
stages of apoptosis are represented by annexin V single-positive
cells.

2.7. Immunoblotting

Cells were washed in PBS and then lysed in 2X Laemmli buffer
(126 mM Tris–HCl [pH6.8], 4% SDS, 20% glycerol, 0.02% Bromophe-
nol blue and 2% b-mercaptoethanol). Following boiling for 5 min,
samples were separated on 8–15% SDS–polyacrylamide gels and
then transferred to an Immobilon membrane (Millipore). The mem-
branes were blocked with 5% non-fat dry milk in TBS/Tween20
(0.05% v/v) for 1 h followed by incubation at 4 �C overnight with
the indicated primary antibodies. The membranes were washed
three times with TBST buffer (10 mM Tris–HCl [pH 7.4], 150 mM
NaCl, 0.05% Tween 20) and then incubated for 1 h with HRP-conju-
gated anti-rabbit or -mouse secondary antibodies. Visualization of
protein bands was accomplished using enhanced chemilumines-
cence (Amersham Life Science).

2.8. Measurement of mitochondrial membrane potential (MMP)

The potential or integrity of the mitochondrial membrane
(DWm) was evaluated using the cationic dye 5,50,6,60-tetra-
chloro-1,10,3,30-tetraethylbenzimi-dazolylcarbocyanineiodide (JC-
1) (Invitrogen). Cells (2 � 105) were trypsinized and washed with
PBS twice. The cell pellets were incubated at 37 �C for 30 min in
1 ml of complete medium containing 1 ll of a JC-1 stock solution
(5 mg/ml). The cells were washed with PBS and then resuspended
in 300 ll of PBS. Mean green fluorescence for FITC (FL-1 channel)
and orange-red fluorescence for PE (FL-2 channel) were recorded
and quantified by flow cytometry. Data were expressed as the
ratio of green (JC-1 monomer)/red (JC-1 aggregates) signals.
Unstained control cells were evaluated to establish baseline
fluorescence.

2.9. Analysis of cytochrome c release

To assess mitochondrial cytochrome c release, cytosolic protein
extracts were obtained according to instructions of a commercial cell
fractionation kit (Clontech). Briefly, 1 � 106 cells in a dish of 60 mm
in diameter were washed twice with cold PBS and then centrifuged
at 600g for 5 min at 4 �C. Cells were suspended in 0.1 ml of ice-cold
fractionation buffer and then allowed to swell on ice for 10 min be-
fore being homogenized with a syringe needle. The homogenates
were centrifuged at 700g for 10 min at 4 �C, after which the superna-
tants were collected and centrifuged at 10,000g for 25 min at 4 �C.
The supernatant was again collected as the cytosolic extract free of
mitochondria and analyzed for cytochrome c release.
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2.10. Statistical analysis

All results of bar graphs are expressed as the mean ± S.D. ob-
tained from three independent experiments in duplicate. Statistical
differences were evaluated using the Student’s t-test and a P < 0.05
was considered statistically significant.

3. Results

3.1. Aspirin triggers TRAIL-induced apoptosis through caspase
activation

To test cytotoxicity, the cells were treated with aspirin (5 mM)
for 32 h (24 + 8 h) or TRAIL (100 ng/ml) for 8 h. For the combina-
tion treatment, cells were pre-treated with aspirin for 24 h and
additionally treated with TRAIL for 8 h without removing aspirin.
The relative cytotoxicity was measured by LDH assay (Fig. 1A).
Treatment with aspirin or TRAIL alone was not significantly toxic
to the cells. When the cells were combination-treated, the rate of
cell death increased remarkably. To determine whether enhanced
TRAIL-mediated apoptosis by aspirin involved caspase activation,
immunoblot analysis was performed. Combination treatment
markedly induced the activation of caspase-8, -9, and -3 and the
cleavage of poly (ADP-ribose) polymerase (PARP) (Fig. 1B). In addi-
tion, Bid was disappeared in the combination treated cells. To con-
firm the involvement of caspases in the enhanced apoptosis,
combination-treated cells were pre-treated with a pan-caspase
inhibitor, zVAD-fmk (50 lM) for 24 h, and sub-G1 population of
cell cycle and PARP cleavage were analyzed. Increases in sub-G1
population and PARP cleavage, which were induced by combina-
tion treatment, were abrogated by pre-incubation with zVAD-
fmk (Fig. 1C and D). These results suggested that aspirin promotes
TRAIL-induced apoptotic cell death through enhanced caspase
activation.

3.2. Aspirin enhances TRAIL-induced apoptosis through the caspase-
dependent mitochondrial pathway

As shown in Fig. 1B, combination treatment resulted in decrease
of Bid and caspase-9 activation. These results suggest involvement
of the mitochondrial pathway of apoptotic cell death. To confirm
Fig. 1. Enhancement of TRAIL-induced apoptosis by aspirin through caspase activation.
lysates after treatment were assessed by immunoblot analysis (C) Flow cytometric analys
of 2 � 105 cells per well in 6-well plates were stabilized for 20 h, and incubated with 5 m
pretreated with aspirin for 24 h and then treated with TRAIL for 8 h continuously. For a
Effects of zVAD-fmk on percentage of cells with sub-G1 phase (C) and PARP cleavage (D
treatment. Data in bar charts (A and C) represent the means ± SD of three independent
this, MMP change and cytochrome c release from mitochondria
to the cytosol in response to treatment were measured. We also
investigated whether changes in MMP and cytochrome c release
were dependent on caspase activation. As shown in Fig. 2A, the
MMP, presented as green (monomers)/red (aggregates) ratio of
the dye JC-1 in the cells, was clearly increased in the combina-
tion-treated cells compared to aspirin or TRAIL alone. Furthermore,
pre-incubation with zVAD-fmk completely blocked the effect of
combination treatment on MMP loss. These results indicated that
the loss of MMP occurred in response to combination treatment,
and it was caspase-dependent. The release of cytochrome c from
mitochondria to the cytosol was assessed in cytosol fractions by
immunoblot analysis. Cytochrome c was clearly detected in the
cytosolic fraction of combination-treated cells, but not in single-
treated or untreated cells (Fig. 2B). Cox-4, which is a marker pro-
tein of mitochondria, was used as a negative control and not de-
tected in the cytosolic fractions. Cytochrome c release from
mitochondria can be either dependent on or independent of cas-
pase activation [22,23]. To determine whether the release of cyto-
chrome c in combination-treated cells was dependent on caspase
activation, cells were pretreated with zVAD-fmk. The presence of
cytochrome c in the cytosolic fraction of combination-treated cells
was completely abrogated by zVAD-fmk. Collectively, these results
suggested that pretreatment with aspirin potentiates the caspase-
dependent mitochondrial apoptotic pathway in response to TRAIL.
3.3. ERK1/2 inactivation and decreased Mcl-1protein level were
induced by combination treatment with aspirin and TRAIL

To investigate further the mechanism(s) by which aspirin en-
hanced TRAIL-induced apoptosis, we examined changes in the
expression levels of various apoptotic regulators by immunoblot
analysis. Since TRAIL receptors can be up-regulated by some chemo-
therapeutic agents [1,6,7], we analyzed the effect of aspirin on DR4
and DR5 expression. At the protein level, DR4 and DR5 expression
was not affected by aspirin alone, even after 32 h of treatment
(Fig. 3A), TRAIL alone, or combination treatment with two agents
(Fig. 3B). In addition, changes in the levels of the anti-apoptotic
protein Bcl-2 and the pro-apoptotic protein Bak were not significant
in single- and combination-treated cells (Fig. 3A and B). On the other
hand, aspirin changed the level of ERK1/2 phosphorylation.
(A) LDH assay for measuring cytotoxicity (B) Changes in protein expression in cell
is for measuring percentage of cells with sub-G1 cell cycle. Cells seeded at a density
M aspirin for 24 h or 100 ng/ml TRAIL for 8 h. For combination treatment, cells were
nalysis of cell cycle by flow cytometry, cells were stained with PI after treatment.
) were analyzed. Cells were pretreated with 50 lM zVAD-fmk for 1 h before each

experiments. In (B and D), a-tubulin was used as loading controls.



Fig. 2. Effects of combination treatment with aspirin and TRAIL on MMP change and cytochrome c release. (A) Measurement of MMP change induced by single- or
combination-treated in the presence or absence of 50 lM of zVAD-fmk. Data represent the means ± SD of three independent experiments. (B) Analysis of cytochrome c
release from mitochondria to cytosol. Cytosolic fractions from 1 � 106 cells were prepared and analyzed by immunoblot. a-Tubulin was used as a loading control, and Cox-4
was analyzed to monitor the separation of cytosolic from mitochondrial fractions.

Fig. 3. Inhibition of ERK1/2 activation and Mcl-1 down-regulation by combination treatment with aspirin and TRAIL. Cells were treated with aspirin for the indicated periods
(A) or single- and co-treated with aspirin and TRAIL (B and C), and then total protein extracts were subjected by immunoblot analysis. In (C), 50 lM of zVAD-fmk was
pretreated for 1 h. a-Tubulin was used as loading controls in the immunoblot experiments.
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Phosphorylation of ERK1/2, up-regulated by TRAIL alone (Fig. 3B),
was decreased by aspirin alone in a time-dependent manner up to
24 h and combination treatment (Fig. 3A and B). The protein level
of Mcl-1, also up-regulated by TRAIL alone, was also decreased in
combination-treated cells (Fig. 3B). The decrease of Mcl-1 by combi-
nation-treatment was blocked by pre-treatment of zVAD-fmk, indi-
cating Mcl-1 protein level was regulated by caspases (Fig. 3C). It is
suggested that ERK1/2 inactivation and Mcl-1 down-regulation by
aspirin are involved in enhancing TRAIL-induced apoptosis.

To confirm the critical role of aspirin as suppressor of ERK1/2
activation, PD98059, an ERK inhibitor, was pre-treated instead of
aspirin in TRAIL-treated cells, and the results were assessed by sev-
eral methods. Based on the results of annexin V-FITC/PI staining
analysis, sub-G1 population analysis, and MMP change analysis,
the rate of apoptosis was clearly increased by the combination of
PD98059 and TRAIL in comparison to TRAIL alone (Fig. 4A). In
the results of MMP change, increment of JC-1 monomer released
from mitochondria to cytosol was obvious, resulting in increased
ratio of FITC/PE. Combination treatment with PD98059 and TRAIL
also showed increased TRAIL-induced cytotoxicity in LDH assay
(data not shown). However, the increased rate of apoptosis in-
duced by combination of PD98059 and TRAIL (11.3% of sub G1)
was lower in comparison to that by combination of aspirin and
TRAIL (42.9% in Fig. 1C), suggesting that ERK1/2 activation may
not be only target of aspirin for sensitizing TRAIL-treated cells.
Inhibition of ERK1/2 activation by PD98059 promoted TRAIL-in-
duced activation of caspases and PARP cleavage, as well as down-
regulation of Mcl-1 (Fig. 4B). Bcl-2 level, however, was not changed
by combination treatment. Collectively, these results indicate that
pre-treatment with aspirin results in ERK1/2 inactivation, and at
least the blockade of ERK1/2 activation is a critical mechanism
for sensitizing cells to TRAIL-induced apoptosis by promoting the
activation of caspases, Mcl-1 down-regulation, and mitochondrial
signaling pathway.
4. Discussion

Apoptosis is a complex process of cell death involving many cel-
lular factors and patho-physiologic pathways. The abnormal regu-
lation of apoptosis underlies a number of diseases, including
cancer. Because of its ability to induce cancer cell-specific apopto-
sis, TRAIL represents a promising new anticancer therapeutic
[1,4,5]. However, many human cancer cells are resistant to
TRAIL-mediated apoptosis. Thus, for therapy to be effective, ap-
proaches to circumvent tumor cell resistance to TRAIL, such as sen-
sitization by other agents, is needed. Here, we demonstrated that
aspirin could sensitize cancer cells to TRAIL-induced apoptosis,
and the sensitizing effect occurs at least through modulation of
ERK1/2 activity.

ERK1/2 is the canonical member of the MAPK family and is
implicated in the regulation of a variety of cellular processes. Phos-
phorylation and activation of ERK1/2 can facilitate cell survival or
death. For example, ERK1/2 activation is required for cisplatin-in-
duced apoptosis [24]. By contrast, ERK1/2 activation promotes cell
survival in pancreatic cancer cells and melanoma cells [25,26]. We
showed that activation of ERK1/2 was induced in TRAIL-resistant
HeLa cells, when treated with TRAIL alone, suggesting that ERK1/



Fig. 4. Effects of an inhibitor of ERK1/2 phosphorylation on TRAIL-induced apoptosis. For inhibiting ERK1/2 phosphorylation, cells were pretreated with PD98059 (20 lM) for
2 h before treatment. Annexin-V-FITC/PI staining and FACS analysis, analysis of sub-G1 population, analysis of MMP change (A), and immunoblotting (B) were performed as
described in Section 2.
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2 activation in response to TRAIL is important in cellular resistance
to apoptosis. Interestingly, the combination of aspirin and TRAIL
significantly suppressed ERK1/2 activation, in company with the
increased apoptotic cell death and the induction of caspase activa-
tion and the caspase-dependent mitochondria pathway. When we
tested cytotoxic effects induced by an inhibitor of ERK1/2 and
TRAIL, the effects were lower than those by aspirin and TRAIL, sug-
gesting that blocking of ERK1/2 activation was necessary, but not
sufficient to sensitize TRAIL-treated cells by aspirin. The sum of
these findings point to ERK1/2 inactivation by aspirin being one
of the critical mechanisms of sensitization of HeLa cells to TRAIL.

Mcl-1 is an anti-apoptotic Bcl-2 family protein. It has been
suggested that down-regulation of Mcl-1 might induce apoptosis
via the translocation of tBid, which is cleaved by caspase-8, from
the cytosol to the outer mitochondrial membrane, resulting in
triggering a mitochondrial pathway and amplifying caspase activa-
tion [27]. We showed combination treatment with aspirin and
TRAIL down-regulated Mcl-1, the expression of which was actually
enhanced by treatment with TRAIL alone. It is suggested that Mcl-1
is also involved in aspirin-induced sensitization to TRAIL, although
we did not address the detailed link between ERK1/2 inactivation
and Mcl-1 down-regulation. We also demonstrated that the
down-regulation of Mcl-1 induced by combination treatment with
aspirin and TRAIL was prevented by pan-caspase inhibitor, indicat-
ing that Mcl-1 cleavage was dependent on caspases, which were
activated by combination treatment. The protein levels of Bcl-2
and Bak were not affected by combination of the two agents,
indicating that their actions are not necessary in aspirin-induced
sensitization of HeLa cells to TRAIL.

In summation, it is suggested that ERK1/2 inactivation by pre-
treatment with aspirin can promote TRAIL-induced caspase activa-
tion and activate caspase-dependent cleavage of Mcl-1, triggering
the mitochondrial pathway of apoptosis. Inhibition of TRAIL-med-
iated ERK1/2 activation by aspirin might be an effective strategy to
sensitize cancer cells to TRAIL-mediated apoptosis.

Acknowledgments

This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education, Science and Technology (Nos. 2009-
0065028 and 2010-0025011).

References

[1] L. Dhandapani, P. Yue, S.S. Ramalingam, F.R. Khuri, S.Y. Sun, Retinoic acid
enhances trail-induced apoptosis in cancer cells by upregulating trail receptor
1 expression, Cancer Res. 71 (2011) 5245–5254.

[2] C.N.A.M. Oldenhuis, J.H. Stegehuis, A.M.E. Walenkamp, et al., Targeting TRAIL
death receptors, Curr. Opin. Pharmacol. 8 (2008) 433–439.

[3] N. Goncharenko-Khaider, D. Lane, I. Matte, C. Rancourt, A. Piche, The inhibition
of Bid expression by Akt leads to resistance to TRAIL-induced apoptosis in
ovarian cancer cells, Oncogene 29 (2010) 5523–5536.

[4] C.T. Hellwig, M. Rehm, TRAIL signaling and synergy mechanisms used in TRAIL
based combination therapies, Mol. Cancer Ther. 11 (2012) 3–13.

[5] R.S. Herbst, S.G. Eckhardt, R. Kurzrock, S. Ebbinghaus, P.J. O’Dwyer, M.S.
Gordon, et al., Phase I dose-escalation study of recombinant human Apo2L/
TRAIL, a dual proapoptotic receptor agonist, in patients with advanced cancer,
J. Clin. Oncol. 28 (2010) 2839–2846.

[6] M. Horinaka, T. Yoshida, S. Nakata, T. Shiraishi, M. Tomosugi, S. Yoshikawa,
et al., Aclarubicin enhances tumor necrosis factor-related apoptosis-inducing
ligand-induced apoptosis through death receptor 5 upregulation, Cancer Sci.
103 (2012) 282–287.

[7] S.C. Gupta, S. Reuter, K. Phromnoi, B. Park, P.S. Hema, M. Nair, et al., Nimbolide
Sensitizes human colon cancer cells to TRAIL through reactive oxygen species-
and erk-dependent up-regulation of death receptors, p53, and Bax, J. Biol.
Chem. 286 (2011) 1134–1146.

[8] B. Gillissen, J. Wendt, A. Richter, A. Richter, A. Muer, T. Overkamp, et al.,
Endogenous Bak inhibitors Mcl-1 and Bcl-xL: differential impact on TRAIL
resistance in Bax-deficient carcinoma, J. Cell Biol. 188 (2010) 851–862.

[9] J.H. Kim, C. Choi, E.N. Benveniste, D. Kwon, TRAIL induces MMP-9 expression
via ERK activation in human astrocytoma cells, Biochem. Biophys. Res.
Commun. 377 (2008) 195–199.

[10] L.L. Belyanskaya, A. Ziogas, S. Hopkins-Donaldson, S. Kurtz, H.U. Simon, R.
Stahel, et al., TRAIL-induced survival and proliferation of SCLC cells is mediated
by ERK and dependent on TRAIL-R2/DR5 expression in the absence of caspase-
8, Lung Cancer 60 (2008) 355–365.

[11] C.Y. Jin, C. Park, J. Cheong, B.T. Choi, T.H. Lee, J.D. Lee, et al., Genistein sensitizes
TRAIL-resistant human gastric adenocarcinoma AGS cells through activation of
caspase-3, Cancer Lett. 257 (2007) 56–64.

[12] E.P. Jane, D.R. Premkumar, I.F. Pollack, Bortezomib sensitizes malignant human
glioma cells to TRAIL, mediated by inhibition of the NF-{kappa}B signaling
pathway, Mol. Cancer Ther. 10 (2011) 198–208.

[13] J. Qu, M. Zhao, Y. Teng, Y. Zhang, K. Hou, Y. Jiang, et al., Interferon-a sensitizes
human gastric cancer cells to TRAIL-induced apoptosis via activation of the c-
CBL-dependent MAPK/ERK pathway, Cancer Biol. Ther. 12 (2011) 494–502.

[14] D.J. Buchsbaum, T. Zhou, W.E. Grizzle, P.G. Oliver, C.J. Hammond, S. Zhang,
et al., Antitumor efficacy of TRA-8 anti-DR5 monoclonal antibody alone or in
combination with chemotherapy and/or a radiation therapy in a human breast
cancer model, Clin. Cancer Res. 9 (2003) 3731–3741.



70 S.-R. Im, Y.-J. Jang / Biochemical and Biophysical Research Communications 424 (2012) 65–70
[15] P. Marini, S. Denzinger, D. Schiller, S. Kauder, S. Welz, R. Humphreys, et al.,
Combined treatment of colorectal tumours with agonistic TRAIL receptor
antibodies HGS-ETR1 and HGS-ETR2 and radiotherapy: enhanced effects
in vitro and dose-dependent growth delay in vivo, Oncogene 25 (2006)
5145–5154.

[16] L.A. Stark, K. Reid, O.J. Sansom, F.V. Din, S. Guichard, I. Mayer, et al., Aspirin
activates the NF-kB signaling pathway and induces apoptosis in intestinal
neoplasia in two in vivo models of human colorectal cancer, Carcinogenesis 28
(2007) 968–976.

[17] L.F. Alfonso, K.S. Srivenugopal, T.V. Arumugam, T.J. Abbruscato, J.A. Weidanz,
G.J. Bhat, Aspirin inhibits camptothecin-induced p21CIP1 levels and
potentiates apoptosis in human breast cancer cells, Int. J. Oncol. 34 (2009)
597–608.

[18] S.R. Kim, M.K. Bae, J.Y. Kim, H.J. Wee, M.A. Yoo, S.K. Bae, Aspirin induces
apoptosis through the blockade of IL-6-STAT3 signaling pathway in human
glioblastoma A172 cells, Biochem. Biophys. Res. Commun. 387 (2009) 342–
347.

[19] M. Lu, A. Strohecker, F. Chen, T. Kwan, J. Bosman, V.C. Jordan, et al., Aspirin
sensitizes cancer cells to TRAIL-induced apoptosis by reducing survivin levels,
Clin. Cancer Res. 14 (2008) 3168–3176.

[20] K.M. Kim, J.J. Song, J.Y. An, Y.T. Kwon, Y.J. Lee, Pretreatment of acetylsalicylic
acid promotes tumor necrosis factor-related apoptosis-inducing ligand-
induced apoptosis by down-regulating BCL-2 gene expression, J. Biol. Chem.
280 (2005) 41047–41056.

[21] D.M. Heijink, M. Jalving, D. Oosterhuis, I.A. Sloots, R. Koster, H. Hollema, et al.,
TNF-related apoptosis-inducing ligand cooperates with NSAIDs via activated
Wnt signalling in (pre)malignant colon cells, J. Pathol. 223 (2011) 378–389.

[22] D.R. Green, Apoptotic pathways: the roads to ruin, Cell 94 (1998) 695–698.
[23] B. Pennarun, A. Meijer, E.G.E. de Vries, J.H. Kleibeuker, F. Kruyt, S. de Jong,

Playing the DISC: turning on TRAIL death receptor-mediated apoptosis in
cancer, Biochim. Biophy. Acta 2010 (1805) 123–140.

[24] C. Sheridan, G. Brumatti, M. Elgendy, M. Brunet, S.J. Martin, An ERK-dependent
pathway to Noxa expression regulates apoptosis by platinum-based
chemotherapeutic drugs, Oncogene 29 (2010) 6428–6441.

[25] M.J. Boucher, J. Morisset, P.H. Vachon, J.C. Reed, J. Laine, N. Rivard, MEK/ERK
signaling pathway regulates the expression of Bcl-2, Bcl-X (L), and Mcl-1 and
promotes survival of human pancreatic cancer cells, J. Cell Biochem. 79 (2000)
355–369.

[26] X.D. Zhang, J.M. Borrow, X.Y. Zhang, T. Nguyen, P. Hersey, Activation of ERK1/2
protects melanoma cells from TRAIL-induced apoptosis by inhibiting Smac/
DIABLO release from mitochondria, Oncogene 22 (2003) 2869–2881.

[27] J.G. Clohessy, J. Zhuang, J. de Boer, G. Gil-Gomez, H.J. Brady, Mcl-1 interacts
with truncated Bid and inhibits its induction of cytochrome c release and its
role in receptor-mediated apoptosis, J. Biol. Chem. 281 (2006) 5750–5759.


	Aspirin enhances TRAIL-induced apoptosis via regulation of ERK1/2 activation  in human cervical cancer cells
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Reagents
	2.3 Antibodies
	2.4 Cytotoxicity assay (LDH assay)
	2.5 Analyses of sub-G1 population of cell cycle
	2.6 Annexin-V/PI staining
	2.7 Immunoblotting
	2.8 Measurement of mitochondrial membrane potential (MMP)
	2.9 Analysis of cytochrome c release
	2.10 Statistical analysis

	3 Results
	3.1 Aspirin triggers TRAIL-induced apoptosis through caspase activation
	3.2 Aspirin enhances TRAIL-induced apoptosis through the caspase-dependent mitochondrial pathway
	3.3 ERK1/2 inactivation and decreased Mcl-1protein level were induced by combination treatment with aspirin and TRAIL

	4 Discussion
	Acknowledgments
	References


