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Prostaglandin E2 (PGE2) promotes tumor-persistent in-
flammation, frequently resulting in cancer. Curcumin is a 
diphenolic turmeric that inhibits carcinogenesis and in-
duces apoptosis. PGE2 inhibits curcumin-induced apopto-
sis; however, the underlying inhibitory mechanisms in 
colon cancer cells remain unknown. The aim of the pre-
sent study is to investigate the survival role of PGE2 and 
whether addition of exogenous PGE2 affects curcumin-
induced cell death. HCT-15 cells were treated with 
curcumin and PGE2, and protein expression levels were 
investigated via Western blot. Reactive oxygen species 
(ROS) generation, lipid peroxidation, and intracellular glu-
tathione (GSH) levels were confirmed using specific dyes. 
The nuclear factor-kappa B (NF-�B) DNA-binding was 
measured by electrophoretic mobility shift assay (EMSA). 
PGE2 inhibited curcumin-induced apoptosis by suppress-
ing oxidative stress and degradation of PARP and lamin B. 
However, exposure of cells to the EP2 receptor antagonist, 
AH6809, and the PKA inhibitor, H89, before treatment with 
PGE2 or curcumin abolished the protective effect of PGE2

and enhanced curcumin-induced cell death. PGE2 acti-
vates PKA, which is required for cAMP-mediated transcrip-
tional activation of CREB. PGE2 also activated the Ras/Raf/ 
Erk pathway, and pretreatment with PD98059 abolished the 
protective effect of PGE2. Furthermore, curcumin treatment 
greatly reduced phosphorylation of CREB, followed by a 
concomitant reduction of NF-�B (p50 and p65) subunit 
activation. PGE2 markedly activated nuclear translocation 
of NF-�B. EMSA confirmed the DNA-binding activities of 
NF-�B subunits. These results suggest that inhibition of 
curcumin-induced apoptosis by PGE2 through activation of 
PKA, Ras, and NF-�B signaling pathways may provide a 
molecular basis for the reversal of curcumin-induced co-
lon carcinoma cell death. 1 
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INTRODUCTION
 
Prostaglandins (PGs) such as PGE2 are produced de novo from 
arachidonic acid, a polyunsaturated fatty acid, upon external or 
internal stimulus. The cytosolic phospholipase A2 (cPLA2) group 
of enzymes precisely controls cellular levels of arachidonic acid 
until mobilized by PGH synthase and PGH2 (Six and Dennis, 
2000). PGH synthase exists in two isoforms, known as cy-
clooxygenase-1 and -2 (COX-1 and COX-2) (Funk, 2001). It 
has been shown that COX-1 is constitutively expressed and is 
responsible for prostaglandin synthesis, whereas COX-2 is 
inducible and is responsible for various pro-inflammatory activi-
ties. Based on the presence of a divergent carboxy-terminus, 
nine PG receptors have been identified in pre-clinical and clini-
cal studies; four of which (EP1-EP4) bind to PGE2 (Funk, 2001; 
Sonoshita et al., 2001; Wang et al., 2004). Hence, numerous 
studies have established that COX-2 expression and up-
regulation of its moderator PGE2 promote the development of 
colorectal tumorigenesis through the prostanoid EP2 receptor 
(Castellone et al., 2005). Mechanisms often overlapping PGE2 
activation in colorectal cancer remain unknown. Thus, inhibition 
of inflammatory PGE2 using phytochemicals or by alteration of 
its regulation can prevent carcinogenesis. 

The Ras/Raf/Erk cascades are important signal transduction 
pathways involved in the regulation of cell growth, proliferation, 
survival, and differentiation (Santarpia et al., 2012). Mutation and 
aberrant expression of the components of these pathways can 
deregulate signal transduction, resulting in mitogenic signaling 
and cancer progression (Roberts and Der, 2007). Ras is a small 
GTPase that induces Raf, ultimately activating MEK-associated 
extracellular signal-regulated kinases (Erk) by serial phosphoryla-
tion. Erk activation has been reported to prevent apoptosis in 
cancer cells (Fernando and Wimalasena, 2004). On the other 
hand, nuclear factor-kappa B (NF-�B) is a ubiquitous 
in�ammatory transcription factor with anti-apoptotic effects that is 
involved in cell survival, proliferation, apoptosis, and cell differen-
tiation (Sakamoto et al., 2009; Wang et al., 2009). NF-�B is con-
stitutively expressed in various human cancers, including colorec-
tal cancer, and is one of the major contributing factors to chemo-
therapy failure when attempting to induce apoptosis in cancer 
cells (Barnes and Karin, 1997). Therefore, inhibition of NF-�B in 
human malignancies could be a potential therapeutic strategy 
for colorectal cancer prevention (Baud and Karin, 2009). NF-�B 
consists of five interrelated subunits, of which p50 and p65 are 
the most common heterodimer forms (Seufert et al., 2013). In 
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response to inflammatory stimuli, NF-�B is translocated to the 
nucleus where it encodes a large number of inflammatory 
genes that may be, directly or indirectly, responsible for cancer 
progression and development (Sakamoto et al., 2009; Wang et 
al., 2009). Thus, the Ras and NF-�B signaling network has 
been the focus of pharmaceutical research to discover novel 
approaches for cancer treatment. 

Despite recent advancements in cancer prevention, diagno-
sis, and treatment, colorectal cancer remains the second lead-
ing cause of cancer-related deaths in both men and women in 
the United States (Shehzad et al., 2013b). Previously, it has 
been reported that curcumin efficiently reduced arachidonic 
acid metabolism by blocking the phosphorylation of cPLA2, 
decreasing the expression of COX-2 and the activation of 5-
lipoxygenase (LOX) in RAW and HT-29 cells (Hong et al., 
2004). Therefore, we selected human colorectal carcinoma 
(HCT-15) cells to investigate the mechanisms of curcumin-
induced apoptosis as well as the effect of exogenous addition 
of PGE2. Curcumin induced oxidative-stress apoptosis through 
caspase-3 cleavage as well as through poly (ADP-ribose) pol-
ymerase (PARP) and lamin B degradation in HCT-15 cells. 
However, pretreatment with PGE2 inhibited curcumin-induced 
cell death through the EP2 receptor, as the specific EP2 antag-
onist, AH6809, abrogated the survival effect in HCT-15 cells. 
Furthermore, PGE2 reversed curcumin-induced apoptosis by 
activating protein kinase A (PKA), Ras, and NF-�B signaling 
pathways. We hope that this study provides new insights into 
the protection of cancer cells by PGE2 as well as the clinical 
application of curcumin for colorectal cancer treatment. 
 
MATERIALS AND METHODS 

Chemicals and reagents  
Curcumin and propidium iodide (PI) were purchased from Sigma-
Aldrich (Germany). All antibodies (PARP, lamin B, caspase-3, 
pCREB, catalytic PKA subunits, Ras GAP, pRaf, pErk, NF-�B 
subunits p50 and p65, RelB, I�B�, actin, and proliferating cell 
nuclear antigen (PCNA) were obtained from Santa Cruz Biotech-
nology (USA) and Cell Signaling (USA). Electrophoresis reagents 
and Bio-Rad protein assay kit were purchased from Bio-Rad 
Laboratories (USA). The 22-mer double-stranded NF-�B oli-
gonucleotides were obtained from Promega (USA). 
Dichlorofluorescein diacetate (DCFHDA) was obtained from 
Molecular Probes (USA). PGE2, hydroxy PGE2, and butaprost 
were purchased from Cayman Chemicals (USA). H89 and 
PD98059 were obtained from Sigma Aldrich and Cell Signaling. 
Nitrocellulose membrane and X-ray reagents were purchased 
from (Amersham Pharmacia Biotech, UK). These chemicals 
were used according to the manufacturer’s instructions. 
 
Cell culture and treatment 
HCT-15 colorectal carcinoma cells were purchased from Amer-
ican Type Culture Collection, CCL-225 (USA). These cells were 
maintained at subconfluence in a 95% air and 5% CO2 humidi-
fied atmosphere at 37�C. For subculturing, RPMI-1640 medium 
supplemented with 10% fetal bovine serum (FBS), L-glutamine, 
and 1% (v/v) antibiotic-penicillin streptomycin (USA) was used. 
HCT-15 cells were seeded at 5 � 105 cells/ml and were subcul-
tured when ~70% confluent. PGE2 and hydroxy PGE2 were 
dissolved in ethanol, whereas curcumin, PD98059, AH6809, 
and H89 were dissolved in DMSO. HCT-15 cells were treated 
with 1 �M PGE2 for 2 h, followed by 20 �M curcumin. For fur-
ther experiments, cells were exposed to PD98059, AH6809, 
and H89 before treatment with PGE2 and curcumin. 

Apoptosis detection 
To measure the level of apoptosis, HCT-15 cells were 
trypsinized and fixed with 70% ethanol. Cells then were stained 
with PI solution, and fluorescence staining of individual cells 
was analyzed using flow cytometry (Becton Dickinson). For cell 
counting, at least 20,000 events were stored. Each experiment 
was repeated at least six times. 
 
Measurement of reactive oxygen species generation  
To detect reactive oxygen species (ROS) production after 
treatment with 1 �M PGE2 followed by treatment with 30 �M 
curcumin, 5 �M DCFHDA solubilized in ethanol was added to 
the cell culture medium for 30 min in the dark. Cells were also 
exposed to 10 mM n-acetylcysteine (NAC), a known inhibitor of 
ROS generation. DCFH is a non-fluorescent dye but is con-
verted to highly fluorescent DCF when oxidized by intracellular 
ROS and peroxides, and it has an excitation wavelength of 480 
nm and an emission wavelength of 520 nm. HCT-15 cells were 
washed with 1 � PBS and then subjected to laser confocal 
scanning microscope (DM/R-TCS, Leica) coupled to a micro-
scope (Leitz DM REB). 

Measurement of lipid peroxidation  
Lipid peroxidation was measured using the fluorescent probe 
diphenyl-1-pyrenylphosphine (DPPP) as previously described 
(Okimotoa et al., 2000). HCT-15 cells were incubated with 5 �M 
DPPP for 15 min in the dark and further exposed to 1 �M PGE2 
or 20 �M curcumin for 30 min. DPPP is known to react with 
hydroperoxide, resulting in fluorescence. Images of DPPP fluo-
rescence by ROS were measured by inverted light microscopy 
(Zeiss Axiovert 200) at an excitation wavelength of 351 nm and 
an emission wavelength of 380 nm. 
 
Measurement of intracellular glutathione (GSH) level 
HCT-15 cells were exposed to 1 �M PGE2 or 20 �M curcumin 
for 30 min after which cells were incubated with 5 �M 7-amino-
4-chloromethylcoumarin (CMAC; fluorescent dye) for 30 min. 
CMAC forms an adduct with GSH, which is catalyzed by gluta-
thione S-transferase. Images of CMAC cell tracker fluores-
cence by GSH were analyzed by fluorescence microscopy 
(Zeiss Axiovert, 200) at an excitation wavelength of 351 nm and 
an emission wavelength of 380 nm (Sebastia et al., 2003).  
 
Fractionation of cytosolic and nuclear proteins 
HCT-15 cells were harvested by trypsin-EDTA, collected by 
centrifugation, and washed two times with cold 1 � PBS. Frac-
tions were prepared according to a previously described meth-
od (Rosner and Hengstschläger, 2008). Briefly, cell pellets 
were suspended in buffer A containing 100 mM HEPES, 2 M 
KCl, 0.1 M ethyleneglycol tetra-acetic acid (EGTA), 0.2 M 
ethylenediaminetetraacetic acid (EDTA), 1 M dithiothreitol 
(DTT), 1 mM sodium orthovanadate (Na3VO4), 100 mM 
phenylmethylsulfonyl fluoride (PMSF), and 6% IGEPAL (NP-
40), followed by incubation for 2 min at room temperature and 
then 10 min on ice. The resuspended cell pellets were centri-
fuged at 600 � g for 5 min at 4°C, and supernatants containing 
cytoplasmic proteins were collected in a new tube. The remain-
ing pellets were resuspended in buffer C containing 100 mM 
HEPES, 5 M NaCl, 0.1 M EGTA, 0.2 M EDTA, 1 M DTT, 1 mM 
Na3VO4, 100 mM PMSF, and protease inhibitors. The resus- 
pended pellets were centrifuged at 20,000 � g for 15 min at 4�C, 
and supernatants containing nuclear proteins were collected in a 
new tube. Both cytoplasmic and nuclear fractions were stored at  
-80�C. 
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with 1 �M PGE2 or 20 �M curcumin. Intracellular GSH levels were expressed relative to levels of FBS-treated cells that served as control. 
Curcumin treatment reduced cellular GSH levels, which was reversed by pretreatment with PGE2. After HCT cells were incubated with 5 �M 
DPPP for 15 min, cells were treated with PGE2 or curcumin for 30 min. DPPP fluorescence intensity was reduced markedly in PGE2-treated 
cells, whereas curcumin treatment increased lipid peroxidation as evidenced by fluorescence intensity under microscopy.
 
 
Western blot analysis 
HCT-15 cells were washed twice with ice cold PBS and then 
suspended at 4�C in lysis buffer (50 mM Tris, pH 7.4, 0.5% 
NP40, 0.01% SDS) containing protease inhibitor cocktail 
(Roche, Germany). After scraping and centrifuging the cells at 
12,000 � g for 15 min at 4°C, the supernatants were collected, 
and the protein concentration in cell lysates was determined 
using the Bio-Rad Protein Assay. Proteins were separated by 
10% SDS-PAGE and transferred to a nitrocellulose membrane. 
After blocking with 5% non-fat milk, the membranes were incu-
bated with the respective primary antibody overnight at 4�C. 
Membranes then were washed and further incubated with 
horseradish peroxidase-conjugated anti-mouse or anti-rabbit 
secondary antibodies. The protein complex bands were detect-
ed by an enhanced chemiluminescence system.  

Electrophoretic mobility shift assay (EMSA) 
EMSA was performed to study the inhibitory effect of curcumin 
on NF-�B DNA binding according to a previously described 
method, with partial modification (Khan et al., 2013). In brief, 
nuclear extracts prepared from PGE2 and curcumin treated-
cells were incubated with 32P-end-labeled 22-mer double-
stranded NF-�B consensus oligonucleotides (Promega, se-
quence: 5�-AGT TGA GGG GAC TTT CCC AGG C-3�) for 40 
min at room temperature. To confirm specificity for NF-�B, a 
50-fold excess of unlabeled NF-�B oligonucleotide was added 
to the reaction mixture as a competitor. For the supershift assay, 
5 �g of p65 and p50 antibodies was added, followed by incuba-
tion for 40 min at room temperature. DNA protein complexes 
then were separated from free oligonucleotides on 6% poly-
acrylamide gels. The gel was dried, and the signals obtained 
were quantified with an FLA-3000 apparatus (Fuji) using BAS 
reader version 3.14 and Aida version 3.22 software (Amersham 
Biosciences, USA).  

Statistical analysis 
Unless otherwise stated, statistical comparisons were per-
formed by one-way analysis of variance (ANOVA) from three 
separate experiments. A value of p* < 0.05 was chosen as 
statistically significant.  
 
RESULTS 

Curcumin induces oxidative-stress apoptosis in HCT-15 
cells 
To investigate the underlying mechanism of curcumin-induced 
cell death, HCT-15 cells were treated with curcumin for the 
indicated times. As shown in Fig. 1A, lamin B and PARP were 
cleaved with curcumin treatment yielding cleavage bands. As 
both lamin B and PARP are substrates for caspase-3, activa-
tion of caspase-3 in whole cell lysates of curcumin-treated cells 
was confirmed by Western blot. Disappearance of 32 KDa 
caspase zymogen was used to measure caspase-3 activation 
(Fig. 1A). These results confirm the role of caspase-3 activation 
in curcumin-induced apoptosis. 

We have previously shown that curcumin-induced apoptosis 
is directly mediated by ROS generation in HCT-15 cells 
(Shehzad et al., 2013a). We used a cell permeable redox sen-
sitive dye, DCFHDA, as an intracellular marker to measure 
curcumin-induced oxidative stress. Herein, we showed again 
that curcumin treatment caused production of ROS (Fig. 1B). 
However, we exposed HCT-15 cells to PGE2 before treatment 
with curcumin and found that PGE2 partially reversed curcumin- 
induced ROS generation (Fig. 1B). Consistently, NAC also 
reversed curcumin-induced apoptosis, based on reduced levels 
of DCFDA fluorescence (Fig. 1B). 

Curcumin has been shown to induce oxidative stress-
mediated cell death in a variety of cancer cells, including colon 
cancer cells. Glutathione (GSH) is a sulfhydryl-containing anti- 

Fig. 1. Curcumin induces oxidative-stress 
apoptosis. (A) HCT-15 cells were cultured in 
RPMI-1640 medium and treated with 20 �M 
curcumin. Western immunoblot analysis was 
performed on protein lysates using antibodies 
specific for PARP, lamin B, and caspase-3 
cleavage. Lamin B and PARP were cleaved as 
a result of caspase-3 activation in apoptotic 
cells after treatment with curcumin. (B) HCT-15 
cells were pretreated with 10 mM N-acetyl cyste-
ine (NAC) for 1 h and exposed to curcumin. Cells 
were incubated further with DCFHDA, a cell-
permeable n-dichlorofluorescein used as an 
intracellular probe for oxidative stress, for 30 
min. Accumulation of probe in cells was 
measured based on an absorbance increase 
at 530 nm when the sample was excited at 
485 nm. Fluorescence images of DCF-loaded 
cells were obtained under a microscope. The 
average fluorescence intensity was calculated 
as described by Sundaresan et al. (1995). 
NAC was used as an inhibitor of ROS genera-
tion. (C) HCT-15 cells were stained with 5 �M 
CMAC for 15 min in the dark after treatment 
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oxidant product that is utilized mainly in cellular oxidation-
reduction homeostasis by various glutathione peroxidases 
(Sebastia et al., 2003). Alteration of GSH to oxidized GSH 
(GSSG) can be measured as an indicator of oxidative stress in 
cells (Tauskela et al., 2001). In this study, the intracellular GSH 
concentration level was measured using the GSH-sensitive 
fluorescent dye CMAC as a probe. As shown in Fig. 1C, 
curcumin treatment reduced cellular antioxidants GSH levels in 
HCT-15 cells compared with control and PGE2-treated cells. In 
contrast, 1 �M PGE2 treatment increased the blue fluorescence 
intensity of cellular GSH observed by confocal microscopy (Fig. 
1C). Furthermore, lipid peroxidation has been suggested as an 
alternative mechanism of cell death. Therefore, to investigate 
the effect of curcumin-induced oxidative damage to cellular 
components, membrane lipid peroxidation was measured using 
DPPP oxide, which is produced by the reaction of DPPA with 
hydroperoxides (Okimotoa et al., 2000). Exposure of HCT-15 
cells to curcumin increased the amount of cell-associated 
DPPP fluorescence as compared with control (Fig. 1C). How-
ever, there was little difference between PGE2 treatment and 
control lipid peroxidation levels, indicating that PGE2 alone can 
inhibit membrane lipid peroxidation. DPPP fluorescence intensi-
ty was markedly lower in PGE2-treated cells (Fig. 1C). These 
results suggest that curcumin-induced lipid peroxidation result-
ed in perturbation of cellular antioxidant mechanisms through 
inactivation of antioxidant enzymes and depletion of GSH. 
 
EP2 receptor participates in PGE2-mediated anti-apoptosis 
in HCT-15 cells 
Compelling evidence has shown that PGE2 regulates cellular 
proliferation, apoptosis, and angiogenesis through its receptors 
in various cancers, including colon tumorigenesis (Castellone et 
al., 2005). However, the functional receptor that mediates PGE2 
anti-apoptotic effects remains unclear. Therefore, we treated 
the cells with 1 �M PGE2 and assessed the expression of four 
EP (EP1, EP2, EP3, and EP4) receptors by Western blot. In-

terestingly, the expression of EP1, EP3, and EP4 was unaffect-
ed by PGE2, whereas the expression of EP2 was considerably 
up-regulated in HCT-15 cells stimulated with PGE2 (Fig. 2A).  

To study further that EP2 receptor controls the response of 
HCT-15 cells to curcumin, cells were treated with the EP2 ago-
nist, butaprost, and the antagonist, AH6809, prior to treatment 
with curcumin or PGE2 and then subjected to flow cytometry. 
As shown in Fig. 2B, when the EP2 agonist butaprost was add-
ed to HCT-15 cells, it produced similar effects to PGE2-induced 
cell survival against curcumin treatment. However, exposure of 
cells to the EP3 and EP4 agonist, PGE1 alcohol, displayed no 
significant effect on curcumin-induced cell death (Fig. 2B). In 
line with this, AH6809 is widely used as an EP2 receptor an-
tagonist (Lee et al., 2009), and therefore, we treated HCT-15 
cells with this antagonist to further determine the involvement of 
EP2 role in PGE2-induced cell survival. We noted that admin-
istration of the EP2 receptor antagonist, AH6809, prevented 
PGE2 from inducing EP2 expression in HCT-15 cells, which 
suggests that EP2 receptor activation is necessary for PGE2-
induced cell survival (Fig. 2B). These results showed the anti-
apoptotic activity of PGE2 mediated by EP2 activation, as the 
EP2 antagonist, AH-6809, abrogated the inhibitory effects of 
PGE2 on curcumin-induced apoptosis.  
 
PGE2 activates PKA signaling pathway 
Previous studies on PGE2 have shown that EP2 has the ability 
to activate PKA by stimulating the cAMP signaling pathway 
(Leone et al., 2007). It is well known that the cAMP-mediated 
transcriptional response involves the phosphorylation of cAMP 
response element-binding protein (CREB) by PKA. As shown 
in Fig. 3A, curcumin treatment caused HCT-15 cell death, 
whereas exposure of cells to PGE2 blocked curcumin-induced 
cell death. Co-incubation of HCT-15 cells with the PKA inhibitor, 
H89, for 15 min suppressed the anti-apoptotic activity of PGE2 

compared with cells treated with PGE2 alone. We also studied 
the effect of cell-permeable dibutyryl cAMP, a known cAMP 

Fig. 2. EP2 receptor is involved in PGE2-
induced protection of HCT-15 cells against 
curcumin-induced cell death. (A) Cells were 
treated with 1 �M PGE2 for 8 h, and West-
ern immunoblot analysis was performed on 
protein lysates using antibodies specific for 
EP1, EP2, EP3, and EP4 (B) HCT-15 cells 
were incubated with or without butaprost, 
AH6809, hydroxy PGE2, and PGE2 for 2 h, 
followed by curcumin treatment for 24 h. 
Cells were stained with PI, and their DNA 
content was analyzed by flow cytometry. The 
EP2 receptor agonist, butaprost, displayed 
the same cell death features as observed 
with PGE2. On the other hand, the EP2 
antagonist, AH6809, enhanced curcumin-
induced apoptosis in HCT-15 cells, suggest-
ing the involvement of EP2 receptor in 
PGE2-induced cell survival.
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analog, on curcumin-induced cell death. PGE2 may mediate 
protection of cells through a cAMP-dependent mechanism 
(Leone et al., 2007). Addition of dibutyryl cAMP blocked 
curcumin-induced apoptotic cell death. As expected, treatment 
of HCT-15 cells with 1 �M PGE2 also effectively suppressed 
curcumin-induced apoptosis. 

To further elucidate the survival role of PGE2, we measured 
PKA activity in HCT-15 cells using a radioisotope method that is 
based on phosphorylation of the synthetic substrate kemptide, a 
well-known substrate of PKA (Fig. 3B). We found that curcumin 
treatment blocked PKA substrate phosphorylation and, thus, 
suppressed PKA activation. However, prior treatment with PGE2 
elevated PKA activity six-fold while reversing curcumin-induced 
inhibition of PKA. Further, the increase in PKA activity in re-
sponse to PGE2 treatment was inhibited significantly by prior 
treatment with the PKA inhibitor, H89 (Fig. 3B). 

To examine whether CREB can be activated by PGE2, we 
investigated the effect of PGE2 treatment on CREB phosphory-
lation. We measured CREB phosphorylation by detecting phos-
phorylation of CREB at Ser133 (p-CREB) by Western blotting. As 
shown in Fig. 3C, PGE2 treatment induced CREB activation. 
Additionally, exogenously added PGE2 to cells resulted in phos-
phorylation of CREB. Taken together, these results demonstrate 
that activation of PKA plays an important role in the regulation 
of PGE2-induced anti-apoptosis, and phosphorylation of CREB 
further potentiates the anti-apoptotic effect of PGE2 in HCT-15 
cells. 
 
PGE2 activates Ras/Ras/Erk pathway 
Ras/Raf/Erk cascades reportedly are dysregulated in human 
cancers. To address the role of the Ras pathway in PGE2-
induced anti-apoptosis, we measured the expression levels of 
Ras, p-Raf, and p-Erk after specific treatments with 1 �M PGE2 
for the indicated times. Challenge of HCT-15 cells with PGE2 
resulted in increased Ras activity as confirmed by immunoblotting 
with Ras GAP antibody, which detects activation of Ras 
GTPase-activating protein (Fig. 4A). Moreover, PGE2 treatment 
increased the phosphorylation levels of Raf and ERK in HCT-

15 cells (Fig. 4A). To further investigate the functional role of 
the Ras pathway in PGE2-induced anti-apoptosis, cells were 
pretreated with PD98059, an inhibitor of MEK. Western blot 
analysis revealed that specific inhibition of MEK with PD98059 
attenuated PGE2-induced phosphorylation of Erk (Fig. 4B). 
Further, flow cytometry was performed to investigate the effect 
of MEK pathway inhibition following PGE2 and curcumin treat-
ment. As shown in Fig. 4C, PD98059 potentiated curcumin-
induced cell death as confirmed by the accumulation of cells in 
sub-G1 phase. Pretreatment with PD98059 also prevented 
PGE2-induced reversal of cell death upon curcumin treatment.  

To further determine the anti-apoptotic effect of PGE2, HCT-
15 cells were incubated with PGE2 or curcumin. As shown in 
Fig. 4D, curcumin treatment decreased PARP and caspase-3, 
indicating curcumin-induced apoptosis. However, following prior 
treatment with PGE2, curcumin failed to induce apoptosis in 
HCT-15 cells. PGE2 induced cell survival and protected against 
curcumin-induced apoptosis (Fig. 4D). These results demon-
strate that activation of Ras/Raf/Erk is at least partially required 
for the anti-apoptotic effect of PGE2 in HCT-15 cells.  
 
PGE2 activates NF-�B pathway in HCT-15 cells 
Many reports have shown the involvement of NF-�B in cell 
proliferation and cell survival. Curcumin has been shown to 
modulate cellular functions through inhibition of NF-�B signaling 
in various cancer cells (Shehzad and Lee, 2013). To examine 
whether NF-�B activation is required for PGE2-induced anti-
apoptosis and cell survival, cells were exposed to curcumin 
with or without PGE2 treatment. As shown in Fig. 5A, curcumin 
treatment for 24 h time-dependently reduced the activation of 
different NF-�B subunits (p50 and p65). However, pretreatment 
with PGE2 attenuated curcumin-induced inhibition of p50, p65, 
and RelB of NF-�B signaling (Fig. 5A). To determine whether 
the survival effect of PGE2 is mediated through NF-�B (p50 and 
p65) translocation, we prepared cytosolic and nuclear cell frac-
tions. Curcumin treatment blocked activation of p50 and p65, 
which was significantly activated by pretreatment with 1 �M 
PGE2 for 2 h (Fig. 5B). Moreover, PGE2 enhanced translocation 

Fig. 3. PGE2 treatment activates PKA in
HCT-15 cells. (A) HCT-15 cells were ex-
posed to 1 �M PGE2 as well as to 100 �M
dibutyryl cAMP (dbcAMP) or the PKA
inhibitor, H89, prior to treatment with 20
�M curcumin. Cells were harvested and
stained with PI, and their DNA content
was analyzed by flow cytometry. (B) HCT-
15 cells were pretreated with H89 for 15
min prior to PGE2 exposure and incubated
with 20 �M curcumin for 4 h. PKA activity
was measured by an in vitro kinase assay
as detailed in “Materials and Methods”. (C)
HCT-15 cells were treated with 1 �M
PGE2, followed by curcumin treatment for
the indicated time. In the immunoblot
analysis, curcumin inhibited CREB phos-
phorylation and induced apoptosis by
activating caspase-3. However, pretreat-
ment with PGE2 enhanced CREB phos-
phorylation and blocked curcumin-induced
activation of caspase-3, thereby inhibiting
apoptosis. 
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of NF-�B subunits (p50 and p65) in nuclear extracts compared 
with non-treated cells, as determined by Western blot (Fig. 5B). 

To further elucidate the mechanism of curcumin-mediated 
inhibition of NF-�B, translocation and DNA-binding activity of 
NF-�B were investigated by EMSA. As shown in Fig. 5C, the 
DNA-binding activity of NF-�B was reduced remarkably in nu-
clear extracts obtained from curcumin-treated cells. However, 
clear expression of NF-�B was observed upon pretreatment 
with PGE2. To identify the specific subunit of NF-�B in HCT-15 

cells, we performed an EMSA competition assay using excess 
amounts of unlabeled NF-�B oligonucleotide as well as a 
supershift assay using p50 and p65 antibodies. A slow migra-
tion band of NF-�B was observed in EMSA (Fig. 5C). Addition-
ally, nuclear extracts from PGE2-stimulated HCT-15 cells treat-
ed with antibodies against p65 and p50 were considerably 
supershifted. These results further confirm that PGE2 activates 
NF-�B translocation to the nucleus and prevents curcumin-
induced cell death. 

Fig. 4. PGE2 treatment activates the 
Ras/Raf/Erk signaling pathway. (A) Ras 
GAP, Raf-1, and Erk phosphorylation 
were detected by immunoblot analysis 
with specific antibodies. Results are rep-
resentative of three independent experi-
ments. (B) Cells were treated with PGE2 or 
the MEK inhibitor, PD98059, and Erk phos-
phorylation was detected by immunoblot
analysis with an antibody specific for pho-
sphorylated Erk. PD98059 inhibited PGE2-
induced phosphorylation of Erk in HCT-15 
cells. (C) HCT-15 cells were pretreated with 
PD98095 for 1 h before treatment with 
PGE2. Cells were harvested and stained 
with PI, and their DNA content was ana-
lyzed by flow cytometry. PD98059 abol-
ished the protective effects of PGE2 against 
curcumin-induced apoptosis. (D) HCT-15 
cells were treated with PGE2 and curcumin. 
Western blot analysis was performed on 
protein lysates using antibodies specific for 
PARP and caspase-3. PGE2 protected 
against curcumin-induced apoptosis by

Fig. 5. PGE2 blocks curcumin-induced cell
death through the NF-�B pathway. (A) HCT-
15 cells were exposed to curcumin with or
without PGE2. Curcumin decreased expres-
sion of NF-�B subunits (p50, p65, and RelB)
as detected by immunoblotting. Prior treat-
ment with PGE2 reversed curcumin-induced
inhibition of NF-�B subunit expression. (B)
Cytoplasmic and nuclear fractions were
separated from HCT-15 cells treated with
PGE2 and/or curcumin. NF-�B subunits (p50
and p65) were detected by immunoblot
analysis using antibodies specific for their
expression in the cytoplasm and nucleus.
(C) Effects of curcumin and PGE2 on DNA
binding activity of NF-�B. HCT-15 cells were
pretreated with PGE2 for 2 h, followed by
curcumin treatment for 24 h. Nuclear ex-
tracts (5 �g) were incubated with 32P-labeled
oligonucleotide specific to NF-�B and then
electrophoresed on a 6% gel. EMSA results
are represented, and NF-�B complexes and
excessive probe are indicated by arrows.
Competition and supershift assays for p50
and p65 DNA-binding are shown in lanes 6
and 7.
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DISCUSSION 
 
PGE2 synthesis has been reported to play a pivotal role in 
many pathogenic states, including chronic inflammation and 
oncogenesis (Castellone et al., 2005). Inflammatory function of 
PGE2 also promotes colorectal carcinogenesis (Zhang et al., 
1997). It has been shown that production of PGE2 is higher in 
human as well as in experimental colon xenograft models 
(Ricchi et al., 2003). Studies also have demonstrated that ab-
sence of the PGE2 receptors EP2 and EP4 is associated with 
reduced colon cancer incidence in a xenograft mice model 
(Sonoshita et al., 2001). Inflammatory PGE2 promotes tumor 
development and activates signaling pathways that regulate 
cell proliferation, apoptosis, and angiogenesis. However, the 
molecular mechanism behind the potential anti-cancer role of 
phytochemicals such as curcumin has not been characterized 
in terms of PGE2 synthesis. 

PGE2 is a pleiotropic molecule involved in tumor progression 
in a time- and concentration-dependent manner (Zhang et al., 
1997). Curcumin-induced apoptosis was directly mediated by 
ROS generation, which was blocked by pretreatment with 
PGE2 treatment (Fig. 1B). PGE2 inhibits the apoptotic effect of 
curcumin, at least in part, through blocking of ROS production. 
PGE2 also increased the glutathione level, supporting the inter-
pretation that PGE2 diminished curcumin-induced cell death by 
reducing the levels of ROS production (Eibl et al., 2003). Fur-
thermore, PGE2 facilitates cancer cell survival by binding to its 
cognate receptors, resulting in enhanced cellular proliferation, 
invasiveness, and angiogenesis as well as inhibition of apopto-
sis. Here, we found that PGE2 protected HCT-15 cells against 
curcumin-induced oxidative stress, possibly through the in-
creased expression of the transmembrane receptor EP2 (Eibl 
et al., 2003; Kamiyama et al., 2006). EP2 mediates its activity 
by elevating cAMP production, which has been reported to 
stimulate the tumor microenvironment (Wang and Klein, 2007). 
In our results, treatment with the EP2 agonist butaprost signifi-
cantly inhibited curcumin-induced cell death, suggesting that no 
other receptors are involved in the PGE2-induced anti-apoptotic 
effect. Conversely, the EP2 antagonist, AH-6809, abrogated 
the inhibitory effects of PGE2 on curcumin-induced cell death. 

Activation of the PKA/cAMP pathway is another possible 
mechanism for PGE2-induced inhibition of apoptosis (Wang 
and Klein, 2007). PKA is a cytosolic holoenzyme regulating cell 
physiology through phosphorylation of cytoplasmic and nuclear 
protein substrates (Chowdhury et al., 2011). However, a selec-
tive PKA inhibitor, H89, was able to reduce PGE2-induced PKA 
activation and restored curcumin-induced cell death. Previous 
observations regarding cAMP-mediated suppression of apop-
tosis in transformed colon epithelial cells suggested that cAMP 
second messenger might be involved in the development of 
cancer including colorectal carcinoma (Kisslov et al., 2012). 
Furthermore, cAMP-mediated transcriptional activation involves 
the phosphorylation of CREB by PKA. It has been noted that 
colon cancer cell proliferation is regulated by cPLA2, which is 
dependent on PGE2-induced activation of both PKA and PKB 
pathways (Kisslov et al., 2012). We observed that exogenously 
added PGE2 induced proliferation in colorectal carcinoma HCT-
15 cells, as well as protected against curcumin-induced apop-
tosis, resulting in increased PKA/cAMP association. 

Both PKA and cAMP regulate growth factor signaling as well 
as activation of the Ras/Raf/Erk pathway (Pursiheimo et al., 
2002). As to the signal pathway involved in the mechanism by 
which curcumin inhibits colon cancer cells proliferation, we 
show that Ras/Raf/Erk and NF-�B pathways are both activated 

in HCT-15 cancer cells in response to PGE2, while inhibition of 
these pathways contributes to the suppressive effect of 
curcumin. Previously, it has been shown that Ras/Raf/Erk in-
duced phosphorylation of cPLA2, either directly or indirectly, 
and that blocking of this pathway inhibited arachidonic acid 
release as well as the arachidonic metabolite, PGE2 (Hong et 
al., 2004). Our results showed that curcumin (20 �M) inhibited 
the activation of the Ras/Raf/Erk pathway, but that exogenous 
addition of PGE2 reversed curcumin-induced inhibition of this 
pathway (Fig. 4). The mechanism involved in the reversal of 
curcumin has been suggested to be due to autocrine signaling 
of PGE2 that promotes several inflammatory processes in can-
cer cells (Shehzad et al., 2014). Furthermore, activation of NF-
�B pathways has been reported to be involved in cell survival 
and in inhibition of apoptosis (Krysan et al., 2005; Yu et al., 
2009). Studies have shown that phosphorylation of p65 is in-
volved in DNA-binding and in transactivation of NF-�B (Chen et 
al., 2001). PGE2 blocked curcumin-inhibition as well as activat-
ed the DNA-binding activity and nuclear translocation of NF-�B. 
It was shown that the NF-�B pathway mediated a positive 
feedback loop for amplification of Ras activity by PGE2 (Daniluk 
et al., 2012). Our results show that Erk and NF-�B activation by 
PGE2 contributes to the inhibition of curcumin-triggered tumor 
cell death. 

In conclusion, our study suggests that PGE2 can protect 
HCT-15 cells against curcumin-induced cell death by activating 
PKA/cAMP as well as the Ras/Raf/Erk pathway. PGE2 also has 
the ability to inhibit curcumin-induced cell death through inhibi-
tion of inflammatory transcription factor NF-�B (p50 and p65). 
Further studies are necessary to investigate the underlying 
mechanism of PGE2 in xenograft cancer models with regard to 
curcumin treatment. Collectively, our results show that devel-
opment of compounds that reduce cellular levels of PGE2 
and/or directly inhibit the PGE2-activated signaling pathway 
might be a useful strategy for cancer therapy. 
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