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Protein kinase Cd-mediated CREB Activation Regulates
Ghrelin-induced Cyclooxygenase-2 Expression and
Prostaglandin E2 Production in Human Colonic
Epithelial Cells
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Abstract Ghrelin, a newly identified gastric peptide, is known for its potent activity in growth hormone release and
appetite. Our recent study showed that ghrelin could stimulate protein kinase C-mediated activation of nuclear factor-kB
(NF-kB) and interleukin-8 secretion in human colonic epithelial cells transfectedwith a functional ghrelin receptor. In the
present study, the effect of ghrelin stimulation on cyclooxygenese-2 expression and prostaglandin E2 production was
examined. The data indicate that ghrelin significantly increased the levels of cyclooxygenase-2 (COX-2) protein aswell as
its promoter activity, which leaded to profound increase in prostaglandin E2 secretion. In order to examine the
involvement of NF-kB and cAMP responsive element-binding protein (CREB) in this response, the NF-kB inhibitory
protein IkBa or a dominant negative mutant of CREB was co-transfected into cells and the data show that transfection of
either IkBa or DN-CREB significantly attenuated ghrelin-induced COX-2 expression. Moreover ghrelin stimulated
phosphorylationofCREB,whichwasmediatedprimarily via protein kinaseCd activation. Furthermore, inhibition of PKCd
function significantly attenuated ghrelin-induced COX-2 expression. In addition, ghrelin stimulates phosphorylation of
PKCd. Together, these results indicate that in addition to NF-kB, protein kinase Cd-mediated CREB activation plays an
important role in the cellular responses of ghrelin. J. Cell. Biochem. 102: 1245–1255, 2007. � 2007 Wiley-Liss, Inc.
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Ghrelin, a unique acylated 28 amino acid
peptide, was identified recently from rat sto-
mach extracts as an endogenous ligand for the
growth hormone (GH) secretagogue receptor
(GHSR) [Kojima et al., 1999]. In addition to its
potent growth hormone-releasing activity,
ghrelin stimulates food intake and induces
obesity independent of its GH-releasing activity

[Tschop et al., 2000; Nakazato et al., 2001]. The
functional ghrelin receptorwas also shown to be
expressed in a number of cancer cell lines to
mediate several cellular responses. Ghrelin
significantly increasedmotility of human astro-
cytloma cells [Dixit et al., 2006]. In human
hepatoma cell lines HepG2 cells [Murata et al.,
2002] and prostate cancer cells [Yeh et al.,
2005], it increased mitogen-activated protein
kinase activity and cell proliferation. In addi-
tion, ghrelin increased proliferation, motility,
invasiveness, and Akt phosphorylation in pan-
creatic adenocarcinoma cell lines [Duxbury
et al., 2003]. In the intestine, ghrelin stimulates
gastric acid secretion and motility [Masuda
et al., 2000; Date et al., 2001], and accelerates
gastric emptying and small intestinal transit of
a liquid meal [Trudel et al., 2002]. Interestingly
the serum ghrelin levels in patients with
inflammatory bowel diseases were three to four
times higher than those in healthy people
[Karmiris et al., 2006]. The endogenous role of
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ghrelin in intestinal inflammation has been
demonstrated in ghrelin-deficientmice inwhich
dextran sulfate sodium-induced colitis was
profoundly inhibited [de Smet et al., 2006]
although exogenously administered ghrelin
appeared to attenuate DSS colitis [Gonzalez-
Rey et al., 2006]. We recently showed that
ghrelin and its receptor mRNA were signifi-
cantly upregulated during the acute model of
trinitrobenzene sulfonic acid (TNBS) colitis and
that in GHSR-transfected human colonic
epithelial cells, ghrelin stimulated protein
kinase C-dependent NF-kB-mediated interleu-
kin-8 production [Zhao et al., 2006]. Here we
sought to determine whether ghrelin also
stimulates expression of cyclooxygenase-2
(COX-2) and prostaglandin E2 (PGE2) produc-
tion and the signaling mechanisms mediating
this effect.

COX-2 is a rate-limiting enzyme for biosynth-
esis of prostaglandins such as PGE2 [Ristimaki,
2004] and an important mediator of tumorigen-
esis [Telliez et al., 2006]. Unlike constitutively
expressed COX-1, its expression can be rapidly
induced by cytokines, growth factors and
inflammatory cytokines [Ristimaki, 2004]. Ana-
lysis of the COX-2 promoter sequence has
identified several putative transcriptional reg-
ulatory sequences including two NF-kB sites,
two AP-2 sites, three SP1 sites, one C/EBP
motif, and one CRE site [Appleby et al., 1994] as
well as two STAT-binding GAS sites [Yamaoka
et al., 1998; Koon et al., 2006]. Although NF-kB
appears to be a major transcriptional factor
mediating COX-2 transcription induced by
many factors such as IL-1b [Crofford et al.,
1997], TNFa [Chen et al., 2000], and LPS
[D’Acquisto et al., 1997], other transcription
factors, in particular,CREBwasalso found to be
important for Cox-2 transcription in response to
many factors like IL-1b [Kirtikara et al., 2000],
UV irradiation [Tang et al., 2001], clostridium
difficile toxin A [Kim et al., 2005] and bradyki-
nin [Nie et al., 2003].

In this study, we first show that ghrelin
stimulated COX-2 gene expression and PGE2
synthesis in human colonic epithelial cells
transfected with a functional ghrelin receptor
GHSR1a. Ghrelin also significantly increased
expression of COX-2 protein in a human astro-
cytoma cell line which endogenously express
much higher levels of the functional ghrelin
receptor than primary normal human astro-
cytes [Dixit et al., 2006]. The induction ofCOX-2

expressionwas largelymediated by bothNF-kB
and CREB as shown by co-transfection experi-
ments with the inhibitory protein IkBa and a
dominant negative mutant of CREB. Moreover,
ghrelin significantly stimulated CREB/ATF1
phosphorylationwhichwasmediatedbyprotein
kinase Cd activation. Furthermore, inhibition
of PKCd blocked ghrelin-induced COX-2 ex-
pression. The results demonstrate a new path-
way in which ghrelin stimulates COX-2
expression via protein kinase Cd-mediated
CREB signaling.

MATERIALS AND METHODS

Materials

Non-transformed human colonocytes expres-
sing human ghrelin receptor (NCM460-GHSR
cells) have been described previously and
cultured in M3D media containing 10% fetal
bovine serum (INCELL Co., San Antonia, TX)
[Zhao et al., 2006]. Human astrocytoma cell line
U-87 was from ATCC and cultured according to
the manufacturer’s instruction. Ghrelin was
purchased from Pheonix Pharmaceuticals, Inc.
(Belmont, CA). The antibody against COX-2
was from Santa Cruz Biotechnology (Santa
Cruz, CA). The antibody against phospho-
Ser133-CREBandphospho-Thr505-PKCdwere
from Cell Signaling (Beverly, MA). The actin
antibody was from Sigma. Dominant negative
mutant of CREB was from BD Bioscience
Clontech (Mountain View, CA) and also sub-
cloned into our retroviral vector pCMBP [Zhao
et al., 2001] to prepare retroviruses for infection
experiments. The pharmacological inhibitors
NS398, FR122047, GF109203X and rottlerin
were purchased from EMD Bioscience-Calbio-
chem (San Diego, CA).

Western Blotting

Equal amounts of cell extractswere separated
by SDS-PAGE (10%), and proteins were trans-
ferred onto nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA). Membranes were
blocked in 5% nonfat, dried milk in TBST
(50 mM Tris, pH 7.5, 0.15 M NaCl, 0.05%
Tween-20) and then incubated with antibodies
specific to a COX-2 monoclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA), phospho-
CREB-S133, phosphor-PKCd or b-actin (Sigma)
at 48C overnight. Blots were then washed and
incubated with horseradish peroxidase-labeled
secondary antibodies for 1 h. Peroxidase
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activities on the blots were detected by Super-
Signal Chemiluminescent Substrate (Pierce).

PGE2 Measurements

PGE2 levels in colonic epithelial cell condi-
tioned media were determined by a competitive
immuno-assay kit from R&D Systems (Minne-
sota). Results were expressed asmean�SE (pg/
ml). At least three independent experiments
were performed for each experimental condi-
tion, each with triplicate determinations.

COX-2 Promoter-Luciferase Assay

A reporter construct containing 2003-bp
(nucleotides �2068 to �66 bp upstream of the
translation start site) of the promoter region of
the human COX-2 gene has been previously
described [Koon et al., 2006]. To determine the
COX-2 promoter activity in response to ghrelin,
cells were seeded in 12-well plates (0.2� 106

cells/well) overnight and transiently transfected
using Effectene Transfection Reagent (Qiagen)
with COX-2 promoter luciferase constructs plus
a control luciferase constructpRL-TK(Promega)
or along with dominant negative CREB plasmid
(BD Biosciences Clontech, Palo Alto, CA).
Transfected cells were serum starved for 24 h
followed by exposure to ghrelin for 8 h. Firefly
and Renilla luciferase activities in cell extracts
were measured using a Dual-Luciferase Repor-
ter Assay System (Promega). The relative
luciferase activity was calculated by normal-
izing COX-2 promoter-driven Firefly luciferase
activity to control Renilla luciferase activity.
Data from all experiments were presented as
relative luciferase activity (mean�SE).

Electrophoretic Mobility Shift Assay (EMSA)

EMSA experiments were conducted based on
our previously described procedure [Zhao et al.,
2001] using the oligonucleotide probe derived
from the human COX-2 promoter containing
theCREwasused:CRE-sense, 5-AACAGTCAT
TTC GTC ACA TGG GCT TG-30 (sense) and 50-
CA AGC CCA TGTGACGAA ATG ACTGTT-30

(antisense)0. Probes were annealed and 50-over-
hangs were labeled by incorporation of
[32P]dATP (PerkinElmer Life Sciences) with
T4 polynucleotide kinase. Equal amounts of
nuclear protein extracts were incubated with
the labeled probe and DNA/protein complexes
were separated on 6% polyacrylamide gel, dried
under vacuum, and visualizedwith a Phosphor-
Imager (Amersham Biosciences).

In Vitro PKCd Kinase Assay

PKCd kinase activity in cell extracts was
measured as previously described [Blois et al.,
2004]. Briefly, cells were washed once in 1�
phosphate-buffered saline, and solubilized in a
lysis buffer containing 20 mM Tris, pH 7.5,
150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1%
Triton X-100, 1 mM b-glycerophosphate, 1 mM
Na3VO4 plus proteinase inhibitor cocktail
(Roche Applied Science, Indianapolis, IN).
Lysates were incubated for 1 h at 48C with
anti-PKCd antibody and then with a 40-ml
slurry of protein A/G-agarose beads. The beads
were washed five times with lysis buffer. The
anti-PKCd immune complexes were used to
phosphorylate 1 mg of histone H1 substrate in
30ml of kinasebuffer supplementedwith5mCi of
[g-32P]ATP for 15 min at 308C. The kinase
reactions were terminated by the addition of
SDS-PAGE sample buffer, boiled (5 min), and
separated by SDS-PAGE. The phosphorylated
histone H1 was detected by autoradiography.
To control equal protein loading, equal amount
of cell lysates was also subjected to Western
blotting using an actin antibody.

Knowckdown of PKCd

NCM460-GHSR cells were transfected with
PKCd siRNA vector or a control vector (kindly
provided by Dr. Alex Toker in our institution,
Ref. 29) by lipofectamine 2000 reagent (Invitro-
gen) for 48 h and then selected with neomycin
for 14 days. Individual clones were isolated and
expression of endogenous PKCd, PKCa and
actin was measured by Western blotting. Wes-
tern blotting using PKCa antibody and actin
antibody was used to control the specificity of
the PKCd siRNA specificity and equal loading.

Statistical Analyses

Results were expressed as means�SEM.
Data were analyzed using the SIGMA- STATTM

professional statistics software program (Jan-
del Scientific Software, San Rafael, CA). Ana-
lyses of variance with protected t-test (ANOVA)
were used for intergroup comparisons.

RESULTS

Induction of COX-2 Expression and PGE2
Synthesis by Ghrelin

COX-2 is an important mediator responsible
for colorectal carcinoma formation primarily by
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catalyzing prostaglandin synthesis [Reddy
et al., 2005]. As it was shown previously that
ghrelin could stimulate production of IL-8, a
potent chemokine and angiogenic factor in
human colonic epithelial cells NCM460 cells
transfected with a functional ghrelin receptor
(NCM460-GHSR cells) [Zhao et al., 2006], we
sought to examine whether ghrelin could also
induce COX-2 expression and PGE2 synthesis
in thehumancolonic epithelial cells. The results
show that ghrelin induced the expression of
COX-2 protein in both time- and dose-depen-
dent manner (Fig. 1A and B), but had no
significant effect on the expression of COX-1
(datanot shown). This responsewas evident at 2
h and peaked between 4 and 8 h. Ghrelin
significantly stimulated COX-2 expression at
the concentration of 10�8 M with a maximal
induction of COX-2 expression with a dose
ranging from 10�8 to 10�7 M. Since the
physiologic levels of ghrelin in the blood after
fasting are approximately 1.5 nM [Tschop et al.,
2000], its local concentration in affected tissues
could be higher than that in the circulation.
Therefore, 10�8 M ghrelin was chosen for the
rest of experiments. To further examine
whether ghrelin also increased transcription of
COX-2 gene, cells were transiently transfected

with a construct containing the 2 kb human
COX-2 promoter and then treated with ghrelin
(10�8M) for 8 h. Ghrelin significantly increased
COX-2 promoter activity (Fig. 1C, left panel).
Moreover the effect of ghrelin on COX-2 mRNA
levels was also determined by the quantitative-
PCR technique using COX-2 specific primers
and the results indicate that ghrelin signifi-
cantly increased COX-2 mRNA levels (data not
shown). In order to determine whether ghrelin
could increase COX-2 protein expression in
human astrocytoma cells which are known to
endogenously express much higher levels of the
functional ghrelin receptor than primary nor-
mal human astrocytes [Dixit et al., 2006], the
human astrocytoma cell line U87 cells were
treated with ghrelin (10�8 M) for the indicated
times and COX-2 protein was examined by
Western blotting. The data show that ghrelin
significantly increased COX-2 protein expres-
sion in these cells (Fig. 1D).

Next, we examined whether ghrelin induces
prostaglandin E2 secretion in the colonocytes
and determined whether the prostaglandin E2

production is mediated by COX-2 using the
selective COX-2 inhibitor NS-398. The data
showed that ghrelin (10�8 M) increased PGE2
secretion by approximately threefold at 8 h

Fig. 1. Ghrelin stimulates COX-2 expression. A: NCM460-
GHSR cells were treated with ghrelin (10�7 M) for the indicated
times. B:NCM460-GHSR cells were treated with different doses
of ghrelin for 8 h. Equal amount of cell protein was subjected to
Western blot analysis using amonoclonal antibody against COX-
2 as well as an actin antibody to show equal protein loading. C:
NCM460-GHSR cells were transiently transfected with a COX-2
protein reporter construct along with an internal control plasmid

and stimulated with ghrelin (10�8 M) for 8 h. The relative COX-2
promoter activitywasmeasured.D: Humanastrocytoma cellsU-
87 cellswere treatedwith ghrelin (10�8M) for the indicated times
and analysis of the effect of ghrelin on expression of COX-2 and
actin was carried out by immunoblotting as above. The bottom
panel shows the quantitative analysis of ghrelin on COX-2
protein expression inU-87 cells. The results are representative of
three independent experiments.
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following the treatment (Fig. 2A), which was
blocked by the selectiveCOX-2 inhibitorNS-398
but not affected by the selectiveCOX-1 inhibitor
FR122047 (Fig. 2B). These results indicate that
ghrelin-stimulated secretion of PGE2 in colono-
cytes required COX-2 induction.

Involvement of NF-kB in Ghrelin-induced
Cox-2 Transcription and PGE2 Production

Since the transcriptional factor NF-kB is a
major mediator of COX-2 gene expression in
response to many extracellular factors, the
importance of this NF-kB in ghrelin-induced
COX-2 promoter activity was investigated.
Cells were transiently transfected with the
COX-2 promoter along with the inhibitory
protein IkBa-expressing construct or a control
plasmid and serum starved before ghrelin
stimulation for 8 h. The data show that
transfection of IkBa significantly reduced ghre-
lin-induced COX-2 promoter activity (P< 0.01)

(Fig. 3A). To examine whether inhibition of NF-
kB also affected PGE2 production, cells were
infected with IkBa-expressing retroviruses or
the control LacZ-expressing viruses and serum
starved before exposure to ghrelin for 8 h. PGE2
secretion was measured as above. The data
show that blockade of NF-kB activation also
inhibited ghrelin-mediated PGE2 production
(Fig. 3B).

Ghrelin-induced COX-2 Expression and PGE2
Production Involves CREB Activation

Since CREB is also involved in COX-2
expression in response to some extracellular
stimuli as mentioned above, we examined
whether ghrelin activates this transcription
factor by looking at its serine 133 phosphoryla-
tion that is critical for CREB activation. Cells
were treated with ghrelin as above for the
indicated times and CREB phosphorylation
was determined by western blotting using a

Fig. 2. Ghrelin-induced PGE2 secretion is mediated by COX-2 activity. A: NCM460-GHSR cells were
stimulated with ghrelin (10�8 M) for the indicated times. B: NCM460-GHSR cells were pretreated with
specificCOX-2 inhibitorsNS398 (50 mM) or the selective COX-1 inhibitor FR122047 (20 mM) for 30min and
then stimulated with ghrelin (10�8 M) for 8 h. The conditioned media were collected and PGE2 levels were
measured as meanþ SD (pg/ml). The results are representative of three independent experiments.

Fig. 3. Ghrelin-induced COX-2 expression and PGE secretion involvesNF-kB activity.A: NCM460-GHSR
cellswere transiently transfectedwith aCOX-2protein reporter construct togetherwith control LacZor IkBa-
expressing plasmid along with an internal control plasmid and stimulated with ghrelin (10�8 M) for 8 h. The
relative Cox-2 promoter activity was measured. B: Cells were infected with control LacZ or IkBa-expressing
retroviruses and serum starvedbefore treatedwith ghrelin for 8 h. PGE2 levels in the conditionedmediawere
measured. The results are representative of three independent experiments.

CREB Activation in Ghrelin-induced COX-2 Expression 1249



phosphor-Ser 133-specific antibody. The data
show that ghrelin significantly induced CREB
phosphorylation (Fig. 4A). Next we also exam-
ined whether ghrelin-induced CREB phosphor-
ylation resulted in the increase in nuclear
CREB DNA binding activity. To do this, equal
amounts of nuclear extracts were subjected to
electrophoretic mobility shift assay (EMSA)
using a 32P-labeled oligonucleotide probe corre-
sponding to theCREBsite ofCOX-2 promoter as
described in theMethods. The results show that
ghrelin significantly stimulated CREB binding
to the CREB site of COX-2 promoter which was
blocked by excess of the cold CREB probe,
indicating the specificity of the binding
(Fig. 4B). To further study whether CREB
activation regulates ghrelin-induced COX-2
transcription, we used a commonly used domi-
nant negative mutant of CREB (DN-CREB).
Cells were transiently transfected with COX-2
promoter together with a control vector or DN-
CREB-expressing plasmid plus an internal
control plasmid and serum starved. Cells were
then treated with ghrelin for 8 h. Cell lysates
were harvested and luciferase activity was
measured. As shown in Figure 5A, compared
to control cells, co-transfection of dominant
negative CREB significantly reduced ghrelin-

induced COX-2 promoter activity, indicating
that CREB activation is involved in ghrelin
signaling to COX-2 transcription. To further
determine whether the effect of DN-CREN on
COX-2 gene transcription would cause corre-
sponding reduction of COX-2 protein and PGE2
secretion, cells were infected with DN-CREB-
expressing viruses or its control LacZ-expres-
sing viruses and serum-starved before stimula-
tion with ghrelin for 8 h. The results show that
expression of DN-CREB also inhibited ghrelin-
induced COX-2 protein expression (Fig. 5B) and
PGE2 secretion (Fig. 5C). To further examine
whether the NF-kB pathway and the CREB
pathways coordinately regulate ghrelin-
induced COX-2 gene transcription, cells were
also transfectedwith both IkBa- andDN-CREB-
expressing constructs together along with the
COX-2-promoter construct and stimulated with
ghrelin as above. The results show that inhibi-
tion of both NF-kB and CREB pathway com-
pletely diminished ghrelin-induced COX-2
promoter activity (Fig. 5D), indicating that
these two pathways work independently at
least in the ghrelin signaling.

Ghrelin-mediated CREB Phosphorylation
Requires Protein Kinase Cd Activity

Itwas previously shown that protein kinaseC
is involved in ghrelin-induced NF-kB activity
and IL-8 production [Zhao et al., 2006]. Thus we
determined whether PKC activity is involved in
ghrelin signaling to the CREB pathway. Since
CREB activation in response to several extra-
cellular stimuli involves MAP kinase pathways
suchasERKorp38MAPkinase [Iordanov et al.,
1997; Swart et al., 2000; Kim et al., 2005],
NCM460-GHSR cells were first pretreated with
the ERK inhibitor PD98059 (20 mM) or the p38
inhibitor SB203580 (10 mM) for 30min and then
treated with ghrelin for 15 min and the CREB
phosphorylation was examined. The data show
that PD98059 or SB203580 only slightly
affected the CREB phosphorylation (each
approximately 20% inhibition, P< 0.05, data
not shown). Our data also indicate that ghrelin
significantly stimulated activation of ERK1/2
and p38 (data not shown). To examine whether
ghrelin-induced CREB activation primarily
involves PKCs, cells were pretreated with
PMA overnight to deplete PKCs or with a
general PKC inhibitor GF109203X or the PKCd
inhibitor rottlerin for 30 min and then treated
with ghrelin for 15 min. The data indicate that

Fig. 4. Ghrelin stimulates CREB phosphorylation and DNA
binding activity. A: NCM460-GHSR cells were treated with
ghrelin as above for the indicated times. Equal amount of cell
protein was subjected to Western blot analysis using rabbit
polyclonal antibodies against phospho-CREB or CREB. B: Cells
were treatedwith ghrelin (10�8M) for 30min and equal amounts
of nuclear extracts were subjected to electrophoretic mobility
shift assay using a 32P-labelded oligonucleotide probe corre-
sponding to the CREB sequence of the COX-2 promoter. Excess
amounts of cold probewere also included in the bindingmixture
to determine the binding specificity. The results are representa-
tive of three independent experiments.
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blockade of PKCs dramatically inhibited ghre-
lin-induced CREB activation (Fig. 6A). The
effect of rottlerin on ghrelin-induced CREB
activation was concentration-dependent with
an effective dose as low as to 5 mM (Fig. 6B),
indicating that PKCd is involved in the CREB
pathway in response to ghrelin. To prove that
PKCd is involved in ghrelin-induced CREB
activation, the state-of-art RNA interference
approach was utilized. To do this, cells were
transiently transfected with PKCd-specific
siRNA plasmid or control siRNA plasmid and
selected with G418 to create stable cell lines
expressing either PKCd siRNA or its control
siRNA. The expression of endogenous PKCd but
not PKCa was shown to be effectively knocked
down by PKCd siRNA (Fig. 6C, upper panel).
Next we determined the effect of PKCd siRNA
on ghrelin-induced CREB activation. Cells
expressing PKCd siRNA or control siRNa were
treated with ghrelin for 15 min. The data show
that knockdown of PKCd expression signifi-
cantly inhibited ghrelin-mediated CREB phos-
phorylation (Fig. 6C, lower panel). To further
determine whether ghrelin stimulates PKCd
activity, cells were treated with ghrelin for
various times and PKCd kinase activity was

measured by an in vitro kinase assay using
histone H1 as a substrate as described in the
Methods. The data show that ghrelin signifi-
cantly stimulated PKCd enzymatic activity
(Fig. 7A). PKCd phosphorylation that is asso-
ciated with its activity was also measured and
the results show that ghrelin significantly
stimulated PKCd phosphorylation in a time-
dependent manner (Fig. 7B).

PKCd Mediates Ghrelin-induced COX-2
Expression and PGE2 Production

As PKCd mediated ghrelin-induced CREB
activity that was involved in COX-2 expression,
the role of PKCd activation in ghrelin-induced
COX-2 expression was further examined. Cells
were pretreated with rottlerin (10 mM) for 30
min and then treated with ghrelin for 8 h. The
results showed that inhibition of PKCd signifi-
cantly reduced ghrelin-induced COX-2 expres-
sion (Fig. 8A). To further determine the role of
PKCd in ghrelin-induced COX-2 expression and
PGE2 secretion, we also made use of the above
described cell lines expressing PKCd siRNA or
control siRNA. The data show that compared to
control siRNA-expressing cells, PKCd siRNA
transfected cells had significant low levels of

Fig. 5. Ghrelin-induced COX-2 expression and PGE2 secretion
involves CREB activity.A: Cells were transiently transfected with
the COX-2 promoter construct together with control LacZ or
dominant negative CREB (K-CREB)-expressing plasmid along
with an internal control plasmid and stimulated with ghrelin
(10�8 M) for 8 h. The relative COX-2 promoter activity was
measured. B, C: Cells were infected with control LacZ- or DN-
CREB-expressing viruses and starved and then treated with

ghrelin (10�8M) for 8 h. Cell lysates and conditionedmediawere
used to determine COX-2 protein expression (B) and PGE2
secretion (C), respectively as above. D: Cells were transiently
transfected with the COX-2 promoter construct together with
control LacZ or K-CREB and IkBa constructs along with an
internal control plasmid and stimulatedwith ghrelin (10�8M) for
8 h. The results are representative of three independent
experiments.
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COX-2 promoter activity (Fig. 8B), COX-2
protein (Fig. 8C) and PGE2 production
(Fig. 8D) in ghrelin-treated conditions.

DISCUSSION

Involvement of gastrointestinal neuropep-
tides such as neurotensin in progression of both
colorectal cancer and inflammatory bowel dis-
eases has been realized during the past decade
[Yoshinaga et al., 1992; Zhao et al., 2001;
Rozengurt et al., 2002; Moody et al., 2003; Chao
et al., 2005]. One of mechanisms by which these
neuropeptides promote colon cancer growth

may involve their stimulation of COX-2 and
PGE2 production, importantmediators of color-
ectal carcinoma growth [Brun et al., 2005] in
addition to the direct effect on mitogen-acti-
vated protein kinase activation [Zhao et al.,
2004]. Although the newly identified gastric
peptide ghrelin has not been studied for its role
in colorectal cancer growth, its growth-promot-
ing function in other types of cancer cells such as
hepatoma cell line HepG2 [Murata et al., 2002]
and pancreatic adenocarcinoma cell lines [Dux-
bury et al., 2003] has been shown recently.
Interestingly, Wolf showed most recently that
serum levels of ghrelin were significantly
increased in cancer cachexia in breast and colon
cancer patients [Wolf et al., 2006]. In addition,
our recent work indicated that ghrelin receptor
is expressed in human colonic epithelial cells
including human colonic carcinoma cells HT29
and Caco-2 cells although its levels are rela-
tively low and that ghrelin and its receptor
were upregulated in colonic mucosa during
colitis [Zhao et al., 2006]. This studyalso showed
that ghrelin receptor stimulation induced
expression of IL-8, potent tumor angiogenic
factor and neutrophil chemotactic factor from
human colonic epithelial cells expressing ghre-
lin receptor [Zhao et al., 2006], suggesting a
potential role in tumor growth and colitis. The
role of ghrelin in colitis is supported by two
recent studies, one of which showed that
serum ghrelin levels were much higher in the

Fig. 6. Protein kinase Cd mediates ghrelin-induced CREB
phosphorylation. A: NCM460-GHSR cells were pretreated with
PMA (1 mM) overnight to deplete PKCs or with the PKC inhibitor
GF109203X (4 mM) or PKCd inhibitor rottlerin (10 mM) for 30min
followed by exposure to ghrelin as above for 15 min. B:
NCM460-GHSR cells were pretreated with different doses of
rottlerin for 30 min and then treated with ghrelin (10�8 M) for 15
min. C: NCM460-GHSR cells expressing PKCd siRNA or its

control siRNA were prepared as in the Methods. The left panel
shows expression of the endogenous PKCd and PKCa as well as
actin. The siRNA-expressing cells were then treated with ghrelin
for 15 min (right panel). Equal amount of cell protein was
subjected to western blotting using a phospho-CREB specific
antibody or a CREB antibody to control equal protein loading.
The results are representative of three independent experiments.

Fig. 7. Ghrelin activates PKCd. A: NCM460-GHSR cells were
treated with ghrelin for the indicated times. Equal amount of cell
protein was subjected to PKCd in vitro kinase assay as described
in the Methods. B: NCM460-GHSR cells were treated with
ghrelin for the indicated times. Equal amount of cell protein was
subjected to Western blot analysis using an antibody against
phospho-PKCd aswell as PKCd antibody to control equal protein
loading. The results are representative of three independent
experiments.
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patientswith inflammatorybowel diseases than
in healthy people [Karmiris et al., 2006]. More
importantly, de Smet et al. have shown that
dextran sulfate sodium (DSS) colitis was pro-
foundly inhibited in ghrelin-deficient mice
compared to the wild-type control [de Smet
et al., 2006]. Our present study further indi-
cates that ghrelin also stimulated expression of
another important inflammation-related gene
COX-2 and PGE2 production in human colonic
epithelial cells by a novel PKCd-dependent
CREB pathway.
The molecular mechanism by which ghrelin

stimulated COX-2/PGE2 was also investigated
in the present study. Our results show that in
addition to a previous described NF-kB path-
way, ghrelin also activates a novel protein
kinase Cd and CREB, which further transacti-
vates the promoter of the COX-2 gene leading to
increased expression of COX-2 protein and

PGE2 secretion. The gene expression of the
COX-2 is known tobe controlledprimarily at the
transcriptional level through several cis-acting
elements including the kB site, the CRE site as
well as the upstream STAT sites. For example,
NF-kB mediates COX-2 induction by lipopoly-
saccharide and many other stimuli [Inoue and
Tanabe, 1998]. The CRE element in the COX-2
promoter was shown to be important in the
induction of COX-2 transcription mediated by
protein kinaseC [Phamet al., 2006], nitric oxide
[Park et al., 2005], lipopolysaccharide [Caivano
and Cohen, 2000], UVB irradiation [Tang et al.,
2001] and C. Difficile toxin A [Kim et al., 2005].
Consistent with the importance of the NF-kB
and CREB binding sites in COX-2 gene tran-
scription, our results provide first evidence that
these two transcriptional factors are also
important for the COX-2 expression in response
to ghrelin.

Fig. 8. PKCd mediated ghrelin-induced COX-2 expression.
NCM460-GHSR cellswere pretreatedwith 10 mMrottlerin for 30
min and then treated with ghrelin (10�8 M) for 8 h. Expression of
COX-2 and actin was examined as above (A). NCM460-GHSR
cells expressing PKCd siRNA or the control siRNA were
transiently transfected with the COX-2 promoter construct as
above and then treated with ghrelin for 8 h. The relative COX-2

promoter-driven luciferase activity was measured as above (B).
NCM460-GHSR cells expressing PKCd siRNA or the control
siRNA were treated with ghrelin for 8 h. Equal amounts of cell
lysates and conditioned media were used to determine COX-2
protein expression (C) and PGE2 secretion (D), respectively. The
results are representative of three independent experiments.
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The molecular mechanism responsible for
activation ofCREBproteinhasbeenextensively
studied. One of the critical mechanisms for this
activation is mediated through its Serine 133
phosphorylation of CREB. A number of protein
kinases have been demonstrated to mediate the
Serine 133 phosphorylation. For example, MAP
kinase familymembers p38mediates the Serine
133 phosphorylation of CREB in response to a
number of stimuli [Iordanov et al., 1997; Swart
et al., 2000; Kim et al., 2005]. Protein kinase A
also phosphorylates CREB [Gonzalez et al.,
1989]. The present work shows that the MAP
kinase members ERK1/2 and p38 are not the
major protein kinases in ghrelin-mediated
activation of CREB (data not shown). Instead,
inhibition of PKCs largely attenuated ghrelin-
induced CREB phosphorylation. Identity of the
PKC isoformwas also found to be a novel PKCd.
The results from the in vitro PKCd kinase
activity assay and the phospho-PKCd immuno-
blotting further show that ghrelin stimulates
PKCd activation. In support of these findings,
Blois et al. recently demonstrated that PKCd-
mediated CREB phosphorylation is important
for B cell receptor (BCR) signaling mature B
cells [Blois et al., 2004]. Phosphorylation of
CREB by protein kinase C and the subsequent
dimerization and transcriptional activation of
CREBhas beenpreviously shownusingpurified
CREBandprotein kinaseC in an in vitro setting
[Yamamoto et al., 1988]. And the N-terminal
fragment of CREB contains consensus recogni-
tion sequence for PKC [Gonzalez et al., 1989].
These results demonstrate that in addition to
MAP kinase family, PKCs, especially PKCd
represents a novel signaling molecule in CREB
activation in response to extracellular stimuli
including ghrelin and B cell receptor.

In summary, our study shows for thefirst time
that ghrelin stimulates COX-2-mediated PGE2
production and induces CREB phosphorylation
and its DNA binding to the COX-2 promoter.
Furthermore ghrelin-induced COX-2 gene
expression involves both NF-kB and CREB
pathways. Moreover, ghrelin increases protein
kinase Cd activity which leads to CREB activa-
tion and COX-2-mediated PGE2 production.
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