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Abstract

Prostaglandins (PGs) have been shown to play various roles in adipogenesis. In this study, we investigated on which PGE recep-
tor subtypes are involved in the inhibition of 3T3-L1 preadipocyte differentiation. The triglyceride content of cells, used as an index
of differentiation, was decreased when PGE,, the FP-agonist fluprostenol or dibutyryl cAMP, was exogenously added to differen-
tiation cocktails. 3T3-L1 preadipocyte cells express mRNAs for the prostanoid EP4, FP, and IP receptors. PGE; and the EP4 ago-
nist AE1-329 increased cAMP levels in preadipocytes in a dose-dependent manner. AE1-329 suppressed the expression induction of
differentiation marker genes such as resistin and peroxisome proliferator-activated receptor-y. The inhibitory effect of PGE; but not
that of fluprostencl was reversed by the addition of the EP4 antagonist AE3-208. AE3-208 mimicked the differentiation-promoting
effects of indomethacin. These results suggest that the EP4 receptor mediates the suppressive action of PGE; in 3T3-L1 adipocyte

differentiation.
© 2004 Published by Elsevier Inc.
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Adipogenesis is a crucial aspect in controiling body
fat mass [1,2]. Acquisition of the mature adipocyte phe-
notype is a highly regulated process in which preadipo-
cytes undergo differentiation, resulting in both an
increase in size and number of mature adipocytes in adi-
pose tissue. It has been shown that cyclooxygenase
(COX) products such as prostaglandin (PG) E; and
PGF,, inhibit adipocyte development [3,4]. A recent
study suggested that COX.-2 might be involved in body
fat reguiation [5]. Mice heterozygous for the COX-2
gene showed approximately 30% increased body weight,
with 2 to 3-fold larger fat pads compared with those of
wild-type animals. PGE, production in adipose tissue
from COX-2 null mice was only 20% of that of wild-type
mice. These results suggested that COX-2 as well as
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PGE; participates in the negative regulation of adipo-
cyte differentiation.

PGs exert a wide range of actions through their bind-
ing to plasma membrane receptors [6,7]. PGF», exerts its
actions via a specific interaction with the type F prosta-
noid receptor FP which activates phospholipase C,
resulting in phosphatidylinositol breakdown [8]. In con-
trast, PGE, exerts its actions through its interaction
with four PGE, receptor subtypes (EP; EPl, EP2,
EP3, and EP4). The EP subtypes differ in their signal
transduction pathways; EP1 is coupled to the mobiliza-
tion of intracellular [Ca®*], EP2, and EP4 are coupled to
the stimulation of adenylyl cyclase, and EP3 is mainly
coupled to inhibition of adenylyl cyclase. The diverse ac-
tions of PGE, can be explained by the existence of these
multiple EP subtypes with different signal transduction
pathways [9,10). Due to the lack of subtype-specific
agonists and antagonists, the involvement of each EP
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subtype in a specific PGE, action including suppression
of adipocyte differentiation has not been well estab-
lished. The current study was undertaken to determine
which EP subtype participates in the negative regulation
of adipocyte differentiation. 3T3-L1 cells were used as a
model system and a pharmacelogical approach using a
highly selective EP agonist and antagonist was em-
ployed to determine the relative contributions of the
EP receptor subtypes.

Materials and methods

Reagents. Dibutyryl cAMP, dexamethasone, and indomethacin
were purchased from Sigma {St. Louis, MQ). The 'I-labeled cyclic
AMP assay system was purchased from Amersham Biotech (Piscata-
way, NJ). PGE, was purchased from Funakoshi (Tokyo, Japan), and
fiuprostenol was from Cayman Chemical (Ann Arbor, MI). DI1-004 (an
EP1 agonist), AE1-259 {an EP2 agonist), AE1-329 (an EP4 agonist),
and AE3-208 {an EP4 antagonist) were generous gifts from ONO
Pharmaceuticals (Osaka, Japan) [11-13]. Oligonucleotides were from
Invitrogen (Carlsbad, CA). All other chemicals were commercial
products of reagent grade.

Cell culture, differentiation, and measurement of triglyceride content.
3T3-L1 preadipocyles were grown to confluency in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum {FBS) and 4 mM glutamine, Differentiation was initiated by
culturing the cells in differentiation medium which contained 10% FBS,
4 mM glutamine, 0.5 mM isobutylmethylxanthine (IBMX), 0.25 pM
dexamethasone, and 5 pg/ml insulin. After two days, the culture
medium was changed to adipocyte growth medium containing 10%
FBS, 4 mM glutamine, and 5 pg/m! insulin and exchanged every two
days for an additional six days. Reagents such as PG agonists and the
PG antagonist were added to both the differentiation medium and
adipocyte growth medium as required. For measurements of triglyc-
eride content, cells grown in six-well plates were harvested in 1 ml of 2-
propanol, sonicated, and triglyceride levels in the cell lysate were
measured using Triglyceride G Test Kit (Wako, Tokyo, Japan). For
Qil Red O staining, cells were washed in PBS, fixed in 3.7% formal-
dehyde for 10 min, and followed by staining with Oil Red O for 1 h.
Oil Red O was prepared by diluting a stock solution (0.5 g of Oil Red
O (Sigma) in 100 ml of 2-propanol) with water (6:4) followed by
filtration.

cAMP formation assay. cAMP levels in 3T3-L1 cells on day 0 and
day 2 of the differentiation program were determined as reported
previously [14]. Cells cultured in 24-well plates (1 x 10° cells/well} were
washed twice with 0.5 ml Krebs-Hepes buffer (pH 7.4) with 10 pM
indomethacin, and preincubated in this solution for 10 min. Reactions
were started by the addition of test reagents along with 100 pM Ro-10-
1724 and 10 pM indomethacin. After incubation for 10 min at 37 °C,
reactions were terminated by the addition of 10% trichloroacetic acid.
The cAMP content of the cells was then measured using a cAMP
radioimmunoassay kit.

P HJPGE; binding assay. 3T3-L1 preadipocytes grown to conflu-
ency were homogenized with a Potter-Elvehjem homogenizer in
10 mM Mes/NaOH, pH 6.0, containing [0 mM MgCl;, 1 mM EDTA,
20 pM indomethacin, and 0.1 mM phenylmethylsulfony! fluoride.
Alter centrifugation of the homogenate at 250,000g for 10 min, the
pellet was washed and suspended in the same buffer. The membrane
fraction (200 pg) was incubated with 4 nM [*HJPGE; at 30 °C for 1 h,
and [*"H]PGE; bound to the membrane fraction was determined by
adding a 1000-fold excess of unlabeled PGE, to the incubation mix-
ture. Specific binding was calculated by subtracting the non-specific
binding from the total binding.

RNA isolation and senti-quantitative RT-PCR. Total cellular RNA
was isolated from 2x 10® 3T3-L1 cells on the indicated day of the

‘differentiation program by the acid guanidinium thiocyanate-phenol-

chloroform method [15). Cells collected just before being cultured in
fresh differentiation cocktail were collected as the sample at time O h.
To examine the differentiation-dependent gene expression of peroxi-
some proliferator-activated receptor-y (PPARY) and resistin, semi-
quantitative reverse transcription PCR (RT-PCR) was performed.
Complementary DNA was synthesized from total RNA (10 pg) using
Moleney murine leukemia virus reverse transcriptase (Invitrogen,
Carlsbad, CA}). PCR was performed using a GeneAmp 9700 (Perkin—
Elmer Applicd Biosystems, Foster City, CA). Primers and PCR
conditions used in the PCR for EP1, EP2, EP3, EP4, IP, and FP genes
have been described previously [16]. Primers used for PPARY, resistin,
and B-actin were as follows: PPARYy, 5'-ticccageattictgelecacactatga
ag-3' (sense), 5'-cggeagttangatcacacctatcataaata-3' (antisense); resistin,
¥-aatgcaataaagaacatigge-3'  (sense),  5'-aggtgectgtagapaccggag-3’
(antisense); and P-actin, 5'-accaactgggacgacatggapgaagatetgg-3’ (sense),
5'.ccggecapecaggtocagacgeaggatgpee-3’ (antisense). All PCRs were
confirmed to be in the logarithmic phase by monitoring the products
obtained at the indicated number *2 cycles. PCR products wete
electrophoresed on a 1.5% agarose gel and stained with ethidivm
bromide. The RT-PCR expenments were independently repeated three
times,

Results

Effects of fluprostenol, PGE,, and dibutyryl cAMP on
adipocyte differentiation

3T3-L1 preadipocyte cells were primed with insulin,
dexamethasone, and IBMX for two days followed by
treatment with insulin for an additional six days. Their
differentiation into adipocytes was monitored by Oil
Red O staining, and furthermore their triglyceride
(TG) content was measured as an index of differentiation
(Figs. 1A and B). Indeed, the adipocytes contained
80.4 + 2.94 mg TG/plate (2.0 x 10° cells/plate), but the
3T3-L1 cells cultured in the absence of the differentiation
cocktail exhibited only 3.45 + 0.15 mg TG/plate (data
not shown). As previously reported, when the differenti-
ation program was performed in the presence of 0.1 pM
of fluprostenol, an FP-agonist, the positive area stained
with Oil Red O was greatly reduced and the TG content
was reduced to approximately one-fifth of the control le-
vel (Figs. 1A and B). Similarly, PGE, (0.1 yM) as well as
the membrane-permeable cAMP, dibutyryl cAMP,
markedly reduced the Oil Red O-stained regions and
TG content in 3T3-L1 cells (Figs. 1A and B).

Expression of prostanoid EP4 receptors during adipocyte
differentiation

We next examined the mRNA expression of prosta-
noid receptors in 3T3-L1I cells during the differentiation
program (Fig. 2). As previously reported [17], the FP
and IP mRNAs were expressed during the differentia-
tion period. In addition, among the PGE receptor
subtypes, significant expression of EP4 mRNA was de-
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Fig. 1. PGE; and dibutyryl cAMP suppress 3T3-L1 preadipocyte
differentiation. 3T3-L1 cells grown to confluency (2 x 16° cells/plate)
were stimulated with a standard differentiation cocktail (none) or
differentiation cocktail supplemented with the FP-agonist fluprostenol
(0.1 pM), PGEs (0.1 uM) or dibutyryl cAMP (dbcAMP) (1 mM). On
day 8, the cells were subjected to Oil Red O staining (A), or suspended
in 2-propanol, and their triglyceride content was determined as
described in Materials and metheds (B). Values represent means
T SEM of three independent experiments. *P < 0.05 versus vehicle
{Student’s ¢ test).

tected throughout the differentiation process. We failed
to detect a significant amount of EP2 and EP3 receptor
mRNA in these cells. Expression of EP1 mRNA was
undetectable in the untreated cells and in the cells on
day 2, but could be detected in cells on day 8. When
we performed the [PHJPGE; binding assay with a crude
membrane fraction of undifferentiated 3T3-L1 preadipo-
cytes, we detected a specific binding with a value of
15.1 * 1.6 fmol/mg protein, and this binding was inhib-
ited by more than 70% in the presence of an excess of
the EP4-specific agonist AEI-329, but not in the
presence of an cxcess of the EP2-specific agonist AE1-
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Fig. 2. RNA expression of prostanoid receptors during 3T3-L1
preadipocyte differentiation. 3T3-L1 cells grown to confluency
(2 x 10® cells/plate) were treated with a standard differentiation cock-
tail as described in Materials and methods. Total RNA was extracted
from untreated cells (day 0), cells on day 2 (day 2) or cells on day §
(day 8) of the differentiation program. Total RNA was subjected to
RT-PCR analysis. Mouse lung RNA was used as a positive control for
EP2, EP4, IP, and B-actin, and mouse kidney RNA was used for EP1,
EP3, and FP (Curl). The experiments were independently repeated
three times and similar results were obtained.

259. Based on these results, EP4 appears to be the EP
receptor predominantly expressed in 3T3-L1 preadipo-
cytes. We then performed the cAMP formation assay
in 3T3-L1 preadipocytes (Fig. 3). PGEz, but not flupros-
tenol, significantly increased cAMP formation in these
cells in a dose dependent manner. This effect of PGE,
was mimicked by AE1-329, but not by AE1-259. These
results indicate that 3T3-L1 preadipocytes express func-
tional EP4 receptors coupled to the stimulation of
cAMP production.

Effects of an EP4 agonist on gene expression of resistin
and PPARy during adipocyte differentiation

When we investigated the effects of EP-selective agon-
ists on adipocyte differentiation, AE1-329 mimicked the
inhibitory effect of PGE;, but DI-004, an EP1 agonist,
failed. These results indicated that PGE, inhibits adipo-
cyte differentiation by acting on EP4 receptor (Fig. 4A).
We then examined the effects of an EP4 agonist on dif-
ferentiation-dependent gene expression of resistin and
PPARY in 3T3-L1 cells (Fig. 4B). The mRNA for resi-
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Fig. 3. Effccts of PG agonists on ¢cAMP accumulation in 3T3-L1
preadipocytes. 3T3-L1 preadipocytes (1 x 10° cellsfwell) were stimu-
lated with the indicated concentrations of PGE;, an EP4 agonist
(AE1-329), an EP2 agonist (AE1-259), and fluprostenol for 10 min at
37°C. cAMP formed was measured by radioimmunoassay. Values
represent means * SEM of three independent experiments, *P <0.03
versus the basal cAMP level (Student’s ¢ test).
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Fig. 4. Effects of an EP4 aponist on adipocyte differentiation in 3T3-

L1 cells. 3T3-L1 cells grown to confluency (2 x 10° cells/plate) were
stimulated with a standard differentiation cocktail (none) or differen-
tiation cocktail supplemented with PGE,, DI-004 or AE1-329 (0.1 uM
for each reagent). On day 8, the cells were subjected to Oil Red O
staining (A). Altemmatively, 3T3-L1 cells were stimulated with a
standard differentiation cocktail in the presence or absence of AEI-
329 (0.1 pM). Total RNA was isolated on the indicated day of the
differentiation program, and subjected to semi-quantitative RT-PCR
analysis as described in Materials and methods (B). The resistin and
PPARy mRNA levels were normalized to the B-actin mRNA levels
and the data are represented as the fold of the value on day 0. Values
represent means * SEM of three independent experiments. *P < 0.05
versus none {Student’s ¢ test).

stin, a hormone linking obesity to diabetes in rodents
[18], was only weakly expressed in preadipocytes, but
was drastically induced during the first three days of dif-
ferentiation and its expression remained greater than 10-
fold of the basal level until day 8. AE1-329 (0.1 pM)
completely inhibited this increase in expression levels,
resulting in an almost unchanged level of expression
throughout the differentiation period. The mRNA for
PPARY, a transcription factor playing a central role in
differentiation [19-21], was induced by 2-fold on the sec-
ond day, and was subsequently maintained at high levels
of greater than 2.5-fold of the basal expression. AEl-
329 completely inhibited the increase observed on day
2, and suppressed the expression of PPARY mRNA to
within 1.5-fold of the basal level throughout the differen-
tiation period. Such inhibition of resistin and PPARY
gene expression by AE1-329 was reproduced by PGE,,
but not by AE1-259 (data not shown). These results
suggest that EP4 is the receptor responsible for the sup-
pressive effects of PGE, on adipogenesis.

PGEs-elicted but not FP-aggonist-elicited inhibition of
differentiation is mediated via EP4 receptor activation

It has been reported that FP receptor coupling to
intracellular Ca** mobilization is also involved in the
inhibition of adipocyte differentiation [22,23]. To exam-
ine the possible involvement of EP4 receptor signaling
in the inhibition of adipocyte differentiation and to
discriminate it from FP-mediated inhibition, we inves-
tigated the effects of an EP4 antagonist on PGE»-
or fluprostenol-elicited inhibition of differentiation
(Fig. 5). PGE; dose-dependently decreased cellular TG
accumulation with an ECso value of 107*M in the
absence of an EP4 antagonist. The EP4 antagonist
AE3-208 decreased this inhibition and shifted the dose-
dependent curve rightward by two orders. In contrast,
fluprostenol also showed an inhibitory effect on differen-
tiation in our system, but this inhibition was insensitive to
AE3-208 treatment. These results suggest that PGE,
exhibits an inhibitory effect on differentiation via EP4
receptor activation, which is unrelated to FP receptor
stimulation.

An EP4 antagonist promotes adipocyte differentiation

Endogenous prostanoids have been suggested to be
involved in the inhibition of adipocyte differentiation,
since COX inhibitors such as indomethacin display
enhancing effects on differentiation [24,25]. We therefore
investigated whether the differentiation-promoting ef-
fects of indomethacin (10 pM) are mimicked by an
EP4 antagonist (AE3-208, 1 pM). As reported previ-
ously, indomethacin significantly promoted the differen-
tiation of adipocytes as revealed by the increased TG
content (Fig. 6). AE3-208 also showed an enhancing
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Fig. 5. Effects of an EP4 antagonist on PGE;- or fluprostenol-¢licited
inhibition of 3T3-L1 preadipocyte differentiation. 3T3-LJ cells grown
to confluency (2 x 10° cells/plate) were stimulated with a standard
differentiation cocktail supplemented with the indicated concentrations
of PGE, or fluprostenol in the presence (AE3-208) or absence of 1 pM
AE3-208 (none). On day & of the differentiation program, cells were
suspended in 2-propanol, and their triglyceride contents were deter-
mined as described in Materials and methods. Values represent
means * SEM of three independent experiments. *P < 0.05 versus
none (Student’s ¢ test).

eflect on differentiation. These results suggest that
endogenously synthesized PGE> has a suppressive role
in 3T3-L1 differentiation by acting on the EP4 receptor.

Discussion

PGs have long been thought to contribute to fat cell
development, but the role of PGs in the regulation of
adipocyte differentiation is complex and has remained
unclear [4]. One of the reasons for its complexity is that
different classes of PGs exert opposing effects on differ-
entiation. For instance, both PGI, and PGE,, the two
PGs predominantly synthesized by fat cells, appear to
have opposing effects on early adipogenesis; PGI» pro-
motes adipocyte differentiation [26,27], whereas PGE;
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Fig. 6. Effects of indomethacin and an EP4 antagonist on 3T3-L1
preadipocyte  differentiation. 3T3-LI cells grown to confluency
(2% 10° cells/plate) were stimulated with a standard differentiation
cocktail (none) or differentiation cocktail supplemented with indo-
methacin (10 pM) or AE3-208 (1 uM). On day 8 of the differentiation
program, cells were suspended in 2-propanol, and their triglyceride
contents were determined as described in Materials and methods.
Values represent means + SEM of three independent experiments.
*P < (.05 versus none (Student’s ¢ test).

inhibits differentiation. PGI, exerts its action by acting
on the prostanoid IP receptor, while PGE, exhibits its
versatile actions through its binding to four kinds of
EP receptor subtypes with quite different signaling path-
ways. We hypothesized that the complex role of PGs in
adipogenesis may be explained by the expression of mul-
tiple EP receptor subtypes in preadipocytes. Indeed,
Borglum et al. [17] previously reported the existence of
mRNAs for several kinds of PG receptors and EP recep-
tor subtypes in Obl771 preadipocytes. However, which
PGE receptor(s) are functionally involved in the regula-
tion of adipocyte differentiation remained poorly under-
stood. In this study, we focused on identifying the
receptor subtype(s) involved in the inhibition of adipo-
cyte differentiation by PGE,, and demonstrated that
EP4 is the receptor responsible for this inhibition. The
EP4 receptor is coupled to stimulation of adenyly! cy-
clase. Indeed, we demonstrated that an EP4 agonist as
well as PGE, elicits an increase in intracellular cAMP
levels in 3T3-L1 preadipocytes. We also showed that
the cAMP analogue dibutyryl cAMP inhibits adipocyte
differentiation as reported previously [24,28). These re-
sults suggest that EP4 inhibits adipocyte diflferentiation
in a cAMP-dependent manner.

It has been reported that exogenously added arachi-
donic acid inhibits 3T3-L1 differentiation [29]. When cells
were treated with COX inhibitors, the inhibition of
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differentiation was reversed, indicating that a COX.-de-
rived PG is necessary for arachidonic acid to inhibit dif-
ferentiation. Both PGE, and PGF,, are able to substitute
for arachidonic acid when added to the diflerentiation
cocktail [24]. Casimir et al. [22,23] demonstrated that
PGF,, as well as an FP-agonist inhibits differentiation
more effectively than PGE-, and thus they proposed that
PGF>,, is the main PG involved in the inhibition of differ-
entiation and that PGE; may only exert its inhibitory ac-
tion by cross-reacting to the FP receptor. However, the
current study demonstrated that the effect of PGE; but
not that of PGF,, is reversed by an EP4 antagonist.
These results suggest that inhibition of adipocyte differ-
entiation by PGE; is mediated by the EP4 receptor and
is distinct from PGF,, inhibition. Because arachidonic
acid s converted more efficiently into PGE; than PGF»,
in 3T3-L1 cells [30], and because suppression by arachi-
donic acid is reversed by an inhibitor for protein kinase
A [28], the inhibitory effect of arachidenic acid may be
mediated through the PGE,-EP4 pathway.

One of the interesting findings in this study is differen-
tiation-dependent induction of EP] gene expression. It
was reported that the EP1 mRNA is expressed in mature
adipocytes isolated from mouse adipose tissue [17].
Since EPI has been shown to couple with phospholipase
C and intracellutar Ca>* mobilization, EP1 might also
inhibit differentiation as FP receptor does. However,
an EPl-agonist failed to elicit significant inhibitory ef-
fects on adipocyte differentiation. Differentiation-depen-
dent gene expression suggested that EPl may be
involved in some function of mature adipocytes. Indeed,
it was reported that PGE, increases the calcium concen-
tration and oxygen consumption in rat brown adipose
tissue [31]. PGE; may stimulate metabolism of brown
adipose tissue via EP1 receptor.

The current study demonstrated that the differentia-
tion-enhancing effects of indomethacin can be mimicked
by an EP4 antagonist. This result indicates that EP4
negatively regulates the standard differentiation process
of 3T3-L1 cells. Yan et al. [32] reported that both a
COX-1- and COX-2-inhibitor enhances differentiation
of 3T3-L1 cells, indicating that both COX isozymes par-
ticipate in the negative regulation of adipogenesis. Inter-
estingly, Yan et al. also demonstrated that COX-2
inhibitors, but not a COX-1 inhibitor, reversed TNF-
a-induced inhibition of differentiation. A similar modu-
lating effect of COX-2 has been shown in adiponectin
signaling [33]. Involvement of the EP4 signaling path-
way in these systems is an interesting issue to examine
in the future.
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Background and aims: Involvement of prosiaglandin E; {PGE3) receptors EPy, EPy, and EPy in the
formation of aberrant crypt foci (ACF) end/or intestinal polyps has been suggested. In contrast, EP;
oppears lo have no influence on the early stages of colon corcinogenesis. In the present study, we
exomined expression of PGE, receptor subtypes EP,, EP2, EP;, ond EP,; in normal colon mucosa and colon
cancers, and assessed the contribution of EP; to colon cancer development.

Methods: mRNA expression of PGE; receptor subtypes EP;, EP2, EP3, and EP4 in normal colon mucesa
and colon cancers in azoxymethane [AOM) ireated mice and rats, and in humans, were examined by
reverse franscription-polymerase chain reaction [RT-PCR}, quantitative real lime RT-PCR, and immuno-
histochemical analyses. Evaluation of the role of EPy was performed by infraperitoneal injection of AOM,
using EP3 receptor knockout mice. Effects of EP receptor activation on cell growth of human colon cancer
cell lines were exomined using ONO-AE-248, on EP; selective agonist. Moreover, EP3 expression in colon
eancer cell lines wos onclysed with or without 5-aza-2"-deoxycytidine [5-0za-dC} treatment.

Resubis: Expression levels of £P7 and EP, mRMNA were increased in cancer tissues. EPs mRNA wos
constantly expressed in normal mucosa and concers. In contrast, expression of EPy mRNA wos markedly
decreased in colon cancer tissues, being 5% in mice, 9% in rats, and 28% in humans compared with
normal colon mucosa, onclysed by quantitative real time RT-PCR. Immunchistochemical staining
demonstrated the rat EP; receplor protein to be expressed in epithelial cells of normal mucoso and
some parts of small carcinomas but hordly detectable in lorge carcinomos of the colon. Colon cancer
development induced by AOM in EP; receptor knockoul mice was enhanced compared with wild-type
mice, with o higher incidence of colon lumours (78% v 57%) and meon number of tumours per mouse
{2.17 (0.51} v 0.75 {0.15); p<0.05). Expression of EP; mRNA was detected in only one of 11 human
colon cancer cell lines tested. Treatment with 5 uM of an EP5 selective ogonist, ONO-AE-248, resulred in a
30% decrease in vicble cell numbers in the HCA-7 human colon cancer cell line in which EPy was
expressed. Treatment with S-aza-dC restored EP; expression in CACO-2, CW-2, and DLD-1 cells but not
in WiDr cells, suggesting involvement of hypermethylation in the downregulation of EP3 to some extent.
Conclusion: The PGE; receptor subtype EP3 plays an important role in suppressian of cell growth and its
downregulation enhances colon carcinogenesis ot @ later siege. Hypermethylation of the EP3 receptor
gene could occur and may contribute towards downwegulating EP; expression o some extent in colon
cancers.

lear bencfits have been reporied in cpidemiological
Cxludics with non-steroidal anti-inflammaiory  drugs
(NSAIDs) as chemopreveniive agenls against colon
cancers, one of the mos! common malignancies in humans.
Chemically induced colon carcinogenesis in rodenis is also
suppressed by administration of NSAIDs.™ Moreover, ntest-
inal polyp formation in familial adenomatous polyposis coli
patienis is markedly reduced afier application of agenis such
as sulindac or indomiethacin.=™ The common mechanism of
action of NSAIDs is inhibilion of cyclooxygenase {COX)
activity, twa distingt isoforms of which have been reported: a
constitutive enzyme, COX-1, and an inducible enzyme, COX-2."
COX-1 and COX-2 are raic limiting enzymes in the synthesis of
prosiancids which affect cell proliferation, wmour growth,
apoposis, and immune responsiveness, and both COXisoforms
havebeenreporiediobeinvolved incoloncarcinogencesis.' * *
Prostanoids such as prostaglandin (PG)E,, PGD,, PGF;,,
PGl and TXA; exert their biclogical actions through binding
W nine specific receplors with  seven  ransmembrane
demains: the four subiypes EP,-EP, fur PGE;, DP and
CRTH2 for PGD,, FP for PGF, IP for PGl:, and TP for
TXA," " Several reports have demonstrated increased levels

of PGE, in human colon cancer tissues compared with
surrounding nonmal mucosal ™" Signal transduction path-
ways of PGE> receptors have been sindied by examining
agonist induced changes in the levels of second messengers
such as cAMP and free Ca™ and by identifying G protein
coupling by various methods.” The EP; receplor is known o
mediate PGE; induced clevation of free Ca® concemiralion
alihough the species of G prowein 10 which EP; recepior is
coupled remains unidentified. EP, and EP, recepiors are
coupled 1o Gs and stimulate cAMP produciion by adenylaie
cyclase. In contrasy, the major signalling pathway for the EP,
receplor is inhibition of adenylate cyclase via Gi. In addition,
anoiher function has been suggesied for this receplor type in
which cell phenotype is regulated through activation ol Rho
via G proweins other than G

Abbreviations: PGE,, prostoglondin Ea; ACF, aberront crypt foci;
AOM, azoxymethane; COX, cyclooxygenase; NSAIDs, non-steroidal
onti-inflammatory drugs; RT-PCR, reverse tronscription-polymerase
chain reaction; 5-aza-dC, 5-aza-2'-deoxycytidine; FBS, fetat bovine

serum
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Establishmem of mice lacking the genes encoding prosta-
noid receplors has promoted understanding of 1he involve-
ment of prostanoids' and their receptors in the developmen
of colon cancer.™ "™ In previous sudies, we demonstrated that
deficiency of either EP, or EP4 receptor decreases formation
of azoxymcethane (AOM) induced aberrant crypt foci (ACF),
putative prencoplastic lesions in the colon'™ '™ Morcover,
anlagonists of EP| and EP, receptors suppress [ormation of
AOM induced ACF in the colon of mice and intestinal polyp
formation in Apc gene deficient Min mice.'” ' Recently, it was
alsa reported that homozygous deletion of the gene encoding
the EP, receptor resulled in a decrease in intestinal polyp
formalion i Apc knockoul mice.!” As already mentioned, EP,
and EP, siimulate adenylaie cyclase whereas EPy exerts an
inhibitory influence, suggesling a possible suppressive role
against colon carcinogenesis. However, deficiency of EP did
not affect AQOM induced ACF formation in our previous
siudy.”

in the present study, we hypothesised that EPy might acy a1
a later stage in colon carcinogenesis. Examination of mRNA
expression for EP|, EP,, EP,, and EP; in colon carcinomas of
mice, rats, and humans demonsirated that levels of EP; were
markedly decreased compared with nermal mucosa, An
increase in colon carcinoma formation induced by AOM
was also demonsirated in EP, receplor knockout mice.
Furthermore, activation of the EP; receptor showed a
suppressive effect on cell growth in a colon cancer cell line
in which EP; was expressed. In most human colon cancer cell
lines lesied, EP; expression was not detecled bui ireaiment
with 5-aza-2'-deoxycytidine (5-aza-dC} restored EPy expres-
sion in some celf lines. On the basis of the results obiained,
the role of the EP; receplor in colon carcinegenesis is
discussed.

MATERIALS AND METHODS

Animals

The mousc gene encoding the PGE; recepior EP3; was
disrupted by a gene knockout meihod using homologoeus
recombination, as reported previously.” The gencraied
chimeric mice were backcrossed with CSTBL/6Cr miice, and
the resulting homozygous mulant mice of these F2 progeny
were backcrossed imo the C57BL6Cr background for 10
generations. EPy recepror deficient male mice were used au
six weeks of age. Genotypes of the knockoui mice were
confirmed by polymerase chain reaction (PCR) according 1o
the method described previously.!” Animals were housed in
plastic cages at 24+2°%C and 55% relative humidity with a
12 h/12 h light/dark cycle. Water and basal dict (AIN-76A;
Bio-Scrv. Frenchiown, New Jersey, USA) were given ad
libitum. Body weights and fuod intake were measured
weekly.

Colon tumour samples and cell lines

Mouse colon tumours and normal colon mucosa tissues were
obtained from C57BL/6J male mice treated with AOM, as
previously reporied.” Rat colon tumours and normal colon
mucosa tissues were obtained from eight F344 male rats
treated wilh AOM, as previously reporied.™ Frozen samples
of mouse and rat lissues were used for reverse transcription
{RT)-PCR analyses, and formalin fixed. paraffin embedded
rat tissue samples were employed for immunochisiochemical
staining.

Surgical specimens of human c¢olon cancer and adjacent
normal colon mucosa tissues were taken [rom cight Japanese
patients who had undergone surgical operations for color-
ectal cancers a1 the National Cancer Center Hospital, Tokyo,
and samples were immediately frozen in ligquid nitrogen.

Eleven human colen cancer cell lines were subjected 1o RT-
PCR analysis. HCA-7 colony 29, a human colon adenocarci-
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noma cell line, was kindly provided by Dr Susan Kirkland,
Imperial College of Science, Technology, and Medicine
{London, UK}.”" HCA-7 cells were maimained in Dulbecco's
minimum ¢ssential medium supplemented with 5% heat
inactivated fetal bovine serum (FBS) {Hyclone Laboratorics,
Inc., Logan, Utah, USA} and amibivtics (100 pg/ml of
sirepiomycin and 100 units/ml of penicilling at 37°C in 5%
C0Os. Colo 201, DLD-1, HCT-116, SW48, Sw480, SW620, Wilr
{Dainippon Pharmaceutical Co., Lid, Osaka, Japan), CACO-2,
Cola 320, and CW-2 (Riken Cell Bank, Tsukuba, Japan) were
purchased and culred according 10 the mamufaciurer’s
instructions.

Analysis of EP recepior expression in colon cancers by
RT-PCR

Tolal RNA was exiracted from tissues and culured cclls by
dircct hemogenisation in Isogen (Nippon Gene Co., Tokyo,
Japan), and specirophotomelry was used for quantification.
Aliguots (3 pg) of toal RNA were subjected 10 the RT
reaction with oligo-dT primer using an Omniscript Reverse
Transcripase kit (Qiagen, Hilden, Germany). Afier teverse
transcription, PCR was carried out with Hotsiartaq (Qiagen),
according 10 the manufacturer’s instructions. To test CDNA
imegrity, the f-actin gene was amplified for each sample.
Primers were designed using the computer program OLIGO
4.0-s {Natlional Biosciences, Maryland, USA}Y and were based
on published sequences in Genbank. Primers were designed
10 cross an exon-exon boundary or insertion of intron to
ensure that genomic DNA was not being amplified. BLAST
searches confirmed that the primers were specific for the
targel gene. Primers for the f-actin and EP receplor genes are
listed in 1able 1. PCR amplifications were performed in a
thermocycler (Gene Amp PCR System 9600; Perkin-Ebmer
Applied Biosystems, Foster City, California, USA), with 18-40
cycles of 94°C for 20 seconds, 60°C for 30 seconds, and 72°C
for one min using the specific primer sets. PCR products were
then analysed by elecirophoresis on 2% agarose gel.

Quantitative real time RT-PCR onalysis

Quantitative real time RT-PCR analysis was performed using
the Sman Cycler system with the Ex Tag R-PCR version 2 kit
and SYBR Green {Takara Shuzo Co., Shiga, Japan) according
to the manufaciurer's instructions. Primers for the f-actin
and EP, genes, and cycle conditions for PCR, are listed in
table 2. To assess the specificity of cach primer set, amplicons
generated from the PCR reaction were analysed by their
mehing point curves and additionally run on 2% agarose gels
to confirm the correct sizes of the PCR producis. Each PCR
product was subcloned into the TA cloning plasmid veclor
pGEN-T casy vector {Promcga Co., Madison, Wisconsin,
USA) and used as a positive contro! for real 1ime PCR
analyses. The number of molecules of specific gene products
in ecach sample was determined wsing a siandard curve
generated by amplification of 30°-10° copies of the control
plasmid. Each sample was anafysed in triplicate.

tmmunohistochemical staining

Immunohistochemical analyses of colon tumours and normal
mucosa samples from F344 male rais ircated with AOM were
petformed with the avidin-biotin complex immunoperoxi-
dase technique, as previously reporied.® As the primary
antibody, a polyclonal rabbil anti-EP, antibody raised againsi
rat EP; recepiors was used a1 a 50x dilution.” As he
secondary antibedy, biotinylated antirabbit IgG (H+L) raised
in a goat, affinity purified, and absorbed with rat scrum
{Vector laboratorics, Inc., Burlingame, California, USA)
was used at a 200x dilution. Swining was performed
using avidin-biotin reagents (Veclastain ABC reagenis;
Vector Laboraiories.), 3,3'-diaminobenzidine, and hydrogen
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Table 1 List of primers used for reverse transcription-polymerase chain reaction
Product
Gone name  Source Forward primer (5’3’ Reverse primer [3'5') size fhp) Cyde Na
f-Adin My NM, 007393 AAMCACCCCAGCCAIGTACG [Exon 4) COCTCAGGAGGAGCAATGA {Exent &) 423 22
Rat  NM 031144 AACACCCCAGCCATGTACG [Exan 4] COGCTCAGGAGGAGCAATGA (Exon &) 623 18
Hu NM_001101 AACACCCCAGCCATGTACG [Exon 4] CGCTCAGGAGGAGCAATGA {Exon &) 623 2P
EP, My NM_013841 GACGATTCCGAAAGACCGCAG  [Exon 2) CAACACCACCAACACCAGCAG [Exon 210 3) 242 32
Rai*  DBE7S) GAGAACGLAGGTCCCGATG [Exom 1) CCAACACCACCAATACCAGUAG {Exon 1} 232 35
Hu NM_000955 GGTATCATGGTGGTIGTCGTG [Exon 2) GGCCTAGGTTIGIGCTTAGA {Exon 3) Nz 40
&P My NM 008964 GATGGCAGAGGAGACGGAL {Exon 1) ACTGGCACTGGACTGGGTAGA {Exon 2) 295 28
Rat NMm_031088 TGCTCATCGTGGCTGTGLITC [Exon 1) GCTCTCAGTGAAGTCCGACAAC {Exon 2] 394 35
Hy NM_000956 CCACCTCATTCTCCTGGCTA [Exon 1) COACAACAGAGGACTGAACG {Exon 2) 215 kE)
EP, My D10204 TGCTGGCTCTGGTGGTGAC [Exon 1) ACTCCTICTCCTITCCCATCIGTG {Excn 2) 258 3o
Rat  D14B4% CCNMTGCCTCCGLCTTICG [Exon 1) CGAACGGCGATTAGGAAGG {Exon 2) N3 35
Hu 038297 CITCGCATAACTGGGGCAAC [Exon 1) TCTCCGIGTGTGTCTTGCAG {Exon 2} 300 35
EP, Mu BCON193 CTGGTGGTGLTCATLTGCTC [Exon 2]  AGGTGGIGTCTGCITGGGTC (Exon 3} 445 o]
Rat  NM_032074 GCCTCAGTGACTITCGCCG [Exon 1] GCTGTGCTGAACCGTCTCTG {Exon 2) 335 35
Hu NM_000958 TGGTATGTGGGIGGLIG [Exon 2} GAGGACGGTGGCGAGAAT [Exon 3} 327 kL]
*Rat EPy primers were designed 1o generote no amplicons rom either EPy variant cDNA funspliced EP; mRNA, Genbank DB8752) or genomic DA™
Mu, mouse; Hu, human.

peroxide. Sections were countersiained with hacmaloxylin.
As a negative control, the primary antibody was preincubated
with a 16-fold (molar ratio) excess amount of the fusion
protein used as the immunogen for one hour ai room
temperature prior 10 incubation of the sections, ™

AOM induced colon tumour development in EP;
receptor knockout mice

Male EP; receptor deficient homozygous mice (EP;” ") and
wild-type mice received AOM a1 a dose of 10 mg/kg body
weight intraperitoneally once a weck for six weeks. At
56 weeks of age, mice were sacrificed under ¢ether euthanasia
and complete avtopsy was performed. Aficr laparoiomy, the
entire intestines were resected and opened tongiladinally,
and the conients were flushed with normal saline. Using a
dissection microscope, colon tumors were noted grossly for
their location, number, and diamcter, measured with
callipers. All lumours from AOM treated mice were subjected
1o histological examination afier routine processing and
haematoxylin and cosin staining. The cxperimental protocol
was according to the guidelines for Animal Experiments in
the National Cancer Center.

EH“e:ls of ONO-AE-248 on growth of colon cancer
cells

The EP; recepor selective agonist 16-(3-methoxymethyl)-
phenyl-w-tewranor-3,7-dithiaPGE, (ONO-AE-248) was che-
mically synthesised at Ono Pharmaceutical Co. id.” DLD-1
and HCA-7 cells were seeded in plastic 96 well plates at a
densily of 2x 10 cells per well, and grown for 24 hours with
media conlaining 5% FBS. The EP; receplor selective agonist
ONO-AE-248 was added daily on days 04, and then
numbers of viable cells on day 1, 3, and § were measured
by colorimetric assay using the cell proliferation assay

reagert WST-1 (Wako Chemicals, Osaka, Japan) with a
microplate reader (Bio Rad, Hercules, California, USA) at a
reference wavelengeh of 655 nm and a 1est wavelength of
450 nm. Cell viability was determined as per cent of control
values. Experimenis were repeated three times and data were
measired six Umes (0= 6).

5'-Aza-2'-deoxycytidine treatment

CACO-2, CW-2, DLD-1, HCA-7, and WiDr cells were seeded a1
a density of 5x10% cells/10 cm dish on day 0 and reated with
1 and 2 pM 5-aza-dC (Sigma, $1 Louis, Missouri, USA) on
days 1, 3, and 5. Afier each weatment, cells were placed in
fresh media and harvesied on day 6, and toal cellular RNA
was prepared vsing Isogen on day 7.

Statisticol anclysis
The significance of differences in the incidences of tumours
was analysed using the ¥? tes1 and orher differences using the
Swdeni’s 1 1est. Differences were considered statistically
significant at p<<0.05.

RESULTS

Different expression of PGE, receptors EPy, EP,, EP,,
and EP4 in normal tofon mucosa and colon tumours
Expression of PGE, recepiors EP,, EP,. EP,, and EP, in
normal ¢colon nucosa and colon tumours of AOM treated
mice and rats, and in human tissues, were examined by RT-
PCR (figs 1. 2}. In 1he three moase colon adenocarcinomas
tested, expression of EP; and EP; receplor mRNAs was
increased compared with fevels in normal mucosa. EPy
mRNA was equally expressed in cardinomas and normal
mucosa. In contrasy, expression of EP; mRNA was markedly
decreased in all carcinoma samples compared with normal
colon mucosa (fig 1A). Expression patterns of EPy, EP,, EP;,

Table 2 List of primers used for reat fime reverse franscripfion-polymerase chain reaction

Prodiuct sipa
Gene name Primer soquences [5'~3') bpt Cyde condition
- Actin M, Rai, He Forword CTACAATGAGCTGCGTGTG |Exon 3} 122 95°C (203) = 60'C(205) - 72C{104)
Reverse TGGGGTGTIGAAGGTCTC [Exon 4}
EP; Mouse Forword GCOIGTCCGTCTIGTTGGTC (Exan 1) 100 25 |3s) = 80°C (20 5)
Reverse CCTICTCCTITCCCATCTG (Exon 2)
Rt Forward ACTGTCCGTCTGCTGGTC {Exon 1} 100 95C(33) = &QC{20
Reverse COMCICCTITCCCATCYG {Excn 2)
Human Forward GIGCIGTCGGTCIGLTG {Exon 1) 102 95°C (35} - 66'C{20s)
Reverse CTICTIGCTTCTCCGTGIG {Exon 2)

Mu, mouse; Hu, human.

www.gufnl.corn

- 370 -



Downloaded from gut.bmjjournals.com on 10 March 2005

1154

A Normaol Tumour

EP, T

B Normal Tumour

O
=]

0003~ i 0.003 - -
£ T £
T ! ©
2 i 2
£ 0002~ & eoo2r |
5 . g !
2 P £ o
3 S £ N
2 000 2 000 E
§ L § Ul
gl . el [y .
Nommol  Tumouwr Normmal  Tumour

Figure 1 Anclyses of prostaglondin £ [PGE2) receptors EPy, EPg, EP3,
ond EP, mRNA'Y::pression. {A) Azoxymethane |AOM} reated mouse
normal colon mucosa and carcinomas. Two pairs of somples
{lones 1, 2) end hwo independent samples {fane 3] were exomine by
reverse hronscription-polymerase chain reaction [RT-PCR). (B) AOM
treated rat normal coﬁ-l mucosa and colon carcinomas. Four poirs
samples (lones 1-4} were exomined by RT-PCR. Expression levels of EP;
receptor mRNA, were morkedly lower in adenocarcinomas thon in
normal mucosa in all cases. {C, D} Quartitalive reol fime RT-PCR onclysis
revealed significont downregulation of EPy recepior mRNA in AOM
treated mice [C} ond rot (DY colon carcinomas compared with normal
mucosa {mouse, n=3; rof, n=4). EP; receptor mRNA expression
wos downregulated in lumours, being 5% in the mouse ond 9% in the rat
of the average value of thot in the respeciive normal colon mueosa.
Volues are meon [$D); *p<0.05, **p<0.01. (A-D) p-Actin wos used o5
an inkemal control. PCR primers of mouse and rat EP; receplors were

designed 1o target o sequence common to ol EP; receplor variants
expressed in each species.

and EP, receptors in eight pairs of samples of adenocarci-
noma and normal mucosa from AOM treated rais were
similar to those in mice. Patierns for EPy, EP,, EP,, and EP,
recepiors in four typical pairs of samples are shown in fig 1B.
In the case of human celon tissues, EPy receplor mRNA was
markedly decreased in seven of eight samples for adenocar-
cinomas compared with adjacent nonmal mucosa of the
colon. Expression levels of EPs receptor mRNA  were
increased in seven of cight human colon adenocarcinomas
compared with levels in normal mucosa, but expression of
EP, receptor was not clearly increased in human colon
carcinoma. EP; mRNA was equally expressed in carcinomas
and normal mucosa in all cases. Figure 2A shows expression
of EP,, EP,, EP;, and EP, recepiors of colon carcinoma and
normal mucasa in four typical pairs of samples.
Furthermore, downregulation of EPy was confirmed by
quaniilative real time RT-PCR (figs 1C, 1D, 2B, 2C).
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Figure 2 Anolyses of prcslogiondin E; {PGEy) receptors EPy, EP;, EP5,
and EPy mRNA I;;Pm“b:h in human colon ﬁssu;u. AI:‘ Reverse
franscripfion-polymerase chain reaction (RT-PCR) onalysis patterns in
four typical pairs of samples (lones 1-4) are shown. (B, C} Guontilctive
real time RT-PCR anolysis revedled significant dawnregulation in £Py
receptor mRNA, (B} EP; receptor mRNA wos morkedly decreased in
seven of eight somples of odenocarcinomas compared with adjocent
normal mucosa of the colon. (C) EP; receptor mRNA expression was
downregulated in fumours, being 28% of the averoge value of that in
odjocent normal colon mucosa. Volues ore mean {SD); *p<0.05.
{A-C) p-Achin wos used as an intemnal control. PCR primers of human
EP3 receptors were designed fo farget a sequence commen ko all EP;
recepior varionts expressed.

Expression of EP; receptor mRNA was significanily down-
regulated in tumowrs, being 5% in mice {fig 1C). 9% in rais
tfig 1D}, and 28% in humans {fig 2C) of the average value of
that in the respective nommal colon mucosa.

Localisation of EP, receptor protein in rat colon
tumours

Immunohistochemical analysis of paraffin embedded speci-
mens of eight colon rumours and normal colon mucosa in
rats reated with AQOM was performed. Slight background
staining was widely detecied in both negative controls, those
stained without antirat EP, receplor antibody {fig 3A. B) and
those stained with ani-EPy recepior antibody preabsorbed
with fosion EP; recepror proein {fig 3C, D). Moreover, slight
non-specific staining was detecled in red blood cells. In
normal colon mucosa tissues, EPy receplor expression was
prominem in epiithceliat cells (1ig 3E), and the muscular coat
was also positively stained. Similarly, positive staining of EP,
recepiors was observed in hyperplastic ACF of Lhe colon (data
not shown}. In conirast, slaining was very faint, minimal, or
absent in cpithelial cells of colon adenocarcinomas {fig 3F),
being lotally lacking in seven cases, sized 3-9 mm in
diameter. Only one carcinoma sample was weakly stained,
and its size was 2 mm.

Colon tumour development in EP3 receptor knockout
mice

To assess the role of EPy recepiors i colon wamour
development, EPy receptor knockeut mice were used in an
in vive model, Data fur the incidence (percentage of mice
with tumours) and multiplicity (number of (umours per
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Figuwe 3  Immunchistochemical staining for the rot prostaglandin E» receptor sub EP2 of normal colon mucosa {A, €, ond E) and colon
ogenocorc o Pl so red biood cells and m b;:kground staining were observed in the
in the negative controls stained with preabsorbed anti-EF; receptor antibady [C, D). With anti-EP,

inoma (B, D, and F}. Non-specific skiining of some

stained without anti-EP; receptor antibody (A, B] o

ive controls

receptor antibody, immunoreoctive EPa receptors were prominent in epithelical cells of normal colon mucosa (E} but no EP3 receptor immunareadivity

was apparent in a colon adenocarcinoma (F). Mognification <100,

mouse) of colon ruwmours induced by AOM are summarised
in table 3, Twmour incidence was increcased to 78% in EP,
receptor knockoul mice compared with 57% in wild-type
mice. Regarding tumour muliiplicity, values were 2.17 (0.51)
for EP; receptor knockowt mice and 0.75 {0.15) for wild-type
mice (p<t0.05). Histopathological examination revealed 20
colon tumours to be adenocarcinomas in wild-1ype, and 50
colon tumours Lo be three adenomas and 47 adenocarcino-
mas in EP, receptor knockeut imice. Figure 4 shows the size
distribution, demonsirating a significant increase in tumours
measuting =2.0 mm in diameler in EP, receptor knock-
out mice (2.00 {0.43) v 0.50 [0.11); p<<001} but notl in
those measuring <2.0 mm in diameter (0.17 (0.08) v 0.25
(O.11}).

Table 3 Colon tumour development in EP; receptor
knackout mice

Mico Icidencet Molfiohic
Wild-type 16/28 [57%} 07510.15)
Ep, 18/23 (78% 217 .5

tiNumber of mica bearing umours per tokd number of mice.
umber of amaours per mouse, Data re mean [SEM).
*Significantly differant from the comresponding wild type value

{"p<0.05}

Expressions of PGE; receptors in colon cancer cell
lines, and effects of the EP; selective agonist on
growth of colon cancer cells

Expression of PGE; receprors in 11 human colon ccll lines
was examined by RT-PCR. EP|, EP,, and EP, were widely
detected in the human colon cancer cell lines {in 10 of 11 fur
EP;, ninc of 1! for EP,, and nine of 11 for EP,) bul EP; was
only detecied in HCA-7 (fig 5A).

To evaluate the physiological functions of the EP; recepuor,
the ¢ffect of an EP, recepror seleclive agonist ONO-AE. 248
oir viable cell numbers of DLD-1 and HCA-7 in monolayer
cullures was examined. In the HCA-7 human colon
adenocarcinoma cell line, expression of the EP, recepuor
and other PGE; recepiors (EP,, EP,, and EPy) were detected
by RT-PCR analysis (fig 5A4). As shown in fig 5B, HCA-7 cell
numbers were significantly decreased dose dependenuly by
addition of ONO-AE-248, with 8%, 17%, and 30% decreases
(p<0.05, p<0.0}, and p<<0.01) in the presence of 1, 3, and
5 uM ONO-AE-248 on day 5. respectively, On the other hand,
treatment with ONO-AE-248 did not affet growth of DLD-1
cells which were not expressing EP; mRNA. The experiments
were repeated three times and similar results were obtained.

Effect of 5-aza-dC on EP; expression

To deiermine whether silencing by DNA methylation could
be invelved in reduced expression of EPy receplor in colon
wimonrs, we tested the effects of 5-aza-dC, a demethylating
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Figure 4 Size distribution of colon tumours induced by azoxymethane
n wild-type and prostoglondin E; receptor subtype EP3 knockout (KOJ
mice. The nurmber of tumours/mouse in each size closs is expressed as
mean {SEM). "Significantly different from the corresponding wild-fype
valve (p<0.01).

agent, on EPy recepror expression in colon cancer celt lines.
Human colon cancer cell lines CACO-2, CW-2, DLD-1, HCA-7,
and WiDr were trcated with 5-aza-dC, and expression levels
of EP, receplor were analysed by RT-PCR. Without 5-aza-dC
treatiment, expression of EP, receplor was detected in HCA-7,
but not in CACO-2, CW-2, DLD-1, or WiDr (fig 5A). After
S-aza-dC wcaiment, expression was restored in CACO-2,
Cw-2, and DLD-1, bui not in WiDr {fig 6).

DISCUSSION

In the present study, examination of mRNA expression levels
for EP,, EP,, EP;, and EP,4 receplors in colon tissues in mice,
rats, and humans by RT-PCR and quaniiiative RT-PCR
provided evidence of a marked reduction in EP, receplors
in colon cancers. in clear contrast with the increase observed
for EP, and EP.. Additionally, resulis of mRNA expression of
EP receplors in 11 human colen cancer cell lines support the
above findings and further indicate the evenis may occur in
colon cancer cells. Recenily, we reporied enhancement of
AOM induced colon tumours with exogenous administralion
of PGE; in male F344 ra1s, and that colon tumours exhibited
similar expression paiierns in EP feceptors as those observed
in the present siudy.™ Sonoshita of af reported that mRNA
expression of EP; was strongly increased and EP; was weakly
decreased in colon polyps compared with normal colon in
APCY!% mice.® These Teports support our data thar down-
regulation of EP; Is a common fealure in colon cancer of
mice, rats, and humans. 1t has been reporied that expression
of the EP; recepior is widcely distribuied throughout the body,
and its mRNA has been idemified in almost all tissucs in
mice and rats, as well as in humans’ ¥ Northern blot
analysis revealed that expression of EP; receplor mRNA was
mainly localised in the muscle layer in the rat gastrointestinal
wract,” and the presem immunchistochemical  analysis
indicated that EP, receplors were detectable in rat normal
colon cpithelial cells and the muscular coat, but not in rat
colon adenocarcinomas. In our previous study, we demon-
sirated that deficiency of EPy or EP; receptor reduced
formation of AOM induced ACF while EP, receptors had no
effect, using cight Lypes of EP receptor knockout mice.'™ ™
However, long term in vive examination of AOM induced
colon tumour development using EP; recepltor knockoud
mive, conducted here in the present study. demonsirated
cnhancemenmt of tumour incidence  and  multiplicity.
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Figure 5 Effect of ONO-AE-248 treatment on cell growth of DLD-1 and
HCA-7 cells. (A) Expression of prostaglandin E; [PGE;) receptors EP),
EP,, EP5, and EP, was analysed by reverse ranscription-polymerase
chain reaction in 1} human colon cancer cell fines. (B} DID-1 and
HCA-7 cells were seeded onto 96 well plotes of a density of 2410
cells/well, with media containing 5% fetal bovine serum, and treated
with the EP3 recaptor seleclive agonist OMNC-AE-248 on days 0-4. Then,
cell numbers were measured by WST-1 assoy on days 1, 3, ond 5.
Open symbols indicale DLD-1 and closed symbols HCA-7 cells;
concentrations of ONC-AF-248 frectment are indicoted {uM). Dato are
means {n=4). ‘p<0.05, "p<0.01.
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Figure 6 5-Aza-2'-deoxycytidine {5-aza-dC) treatment of CACO-2,
CW-2, DLD-1, HCA-7, and WiDr colon cancer cell lines. Each cell line
wos treated with 1 ond 2 uM 5-aza-dC three times. EP; receptor
expression was analysed by reverse tronscription erase chain
reaction,

Morcover, the size of the wmours was significantly
increased. Thus based on our present and previous results,
we suggest thar the EP, recepior does not influence the early
stage of colon carcinngencsis, including ACF formation, bui
its downregulation could be imporiant to cancer development
at a later stage.

In our present siudy, PCR primers of mouse, ral, and
human EP, receplors largeled a common sequence in cach
species. PCR products would be expected o be derived from
the entire range of splice variants (figs 1A-B, 2A, 5A). h s
notcworthy that there are three splice variants of the EPy
receptor in mice and rats, and nine in humans, coupled to
different G protein signalling pathways.™ ™ These variants
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are different in the carboxy terminal tail, and the amino acid
sequence has an importam role in G protein coupling
specificity.™ M Two of the three variants of the mouse EP,
receptors are EPy, and EP;p which are coupled 10 G, and
cause inhibition of adenylate cyclase* The mouse EP,,
receplor, in contrast, is coupled 10 G, in addition 10 G, and
evokes  perussis  toxin  insensitive  ¢AMP  production.™
Preliminarily, we examined expression of three  splice
variants of mouse EP, recepiors by RT-PCR using specific
primers for cach variant, and found EP3, to be the major
form in mouse normal mucosa (data not shown). These
observations support the conclusion that the major splice
variants of EP; recepiors are coupled to G; and act 16 inhibit
adenylate cyclase in normal ¢olon mucosa in mice. On the
other hand, EP, and EP, recepiors are coupled 10 G, and
stimulate cAMP produciion by this enzyme. Increased cAMP
levels result in activation of cAMP dependent protein kinase
(PKA} and transcriptional factors that bind 10 cAMP
responsive elements to transactivate the ranscriplion of
specific primary responsc genes thai initiate cell prolifera-
tion.™ In our previous siudy,™ the EPy receptor sclective
agonist ONO-AE1-329 was shown 1o enhance colony forma-
tion by the HCA-7 human colon adenocarcinoma cell line,
The EP; receptor seleclive agonist ONO-AE-248 was demon-
sirated 10 suppress cell growth in HCA-7 in the present study.
11 has been reporied that ONO-AE-248 attenuates the rise in
intracellular cAMP induced by forskolin, an activator of
adenylate cyclase, in CHO cells ransfecied wilh EP,,
receptor.™ Therefore, the EP, receptor pathway may play an
imporiant role in counicracting the effects of EP» and EP,
receplors, and ils downregutation in later stages of colon
varcinogenesis may cnhance cancer development. Additional
sludies are needed 10 investigaie interactions between the
EP,y receplor signalling pathway and others linked to EP
FCCepiors.

Hypermethylation of CpG istands in promoter regions is
known 1o cause silencing of genes in various huwman
cancers,” ™ and silencing of COX-2 and APC genes by
hypermethylation has been repuried in human colon
cancer.” ™ Alihough hypermethylation of the prostaglandin
recepler gene has not been reported,” * DNA sequences in
the promoter region and exon | of the human EP, gene are
GC rich {Genbank ALG31429), Thercfore, in the present
study, we examined 1he effects of demethylation of DNA
with 5-aza-dC on EP, expression in hwman colon cancer colf
lincs. Demethylation of five cell lines by 5-aza-dC ireatment
resulted in restoration of EP, teceptor expression in three coll
lines, These findings suggest that \he DNA sequence of the
EPy receplor may be methylated but further studics are
needed 10 clarify whether hypermethylation of ihe EP,
receplor gene occurs and regulates EP; expression in colon
vangers.

In conclusion, data oblained in our present and previous
studies suggesi that the PGE; receplor subtype EP; plays an
imponani role in suppression of cell growth and that iis
downregulation enhances ¢olon carcinogencesis at a later
stage. The underlying mechanisms clearly warram further
investigalion.
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EDITOR’'S QUIZ: GI SNAPSHOT ...

Answer

From question on page 1150

An cmergency operation was performed which revealed
forcign malerial which had peneirated inle the ileum. A
wedge resection of the perforated bowel region was under-
taken, and imraperitoneal drainage was performed. The
paticn1 was discharged from our hospital nine days post-
operatively in good condition.

The object that had been imaged on ihe compuled
tomography scan was found 10 be the foot of a seft shelled
wrile (flig 2), commonly referred o as “Supon” in Japanese
(sciemtific name Trivayx sinensis). This turtc is only served on
special occasions and is an expensive item for cuisine.
Discussions with the patient indicated that he had caten
soft shelled tartke 1wo months before the operation during a
now year festival in January. As an aid in identifying this type
of situalion, it is imporiant 10 also make use of preoperative
compuied 1omography scans, review the patient’s history in
fighi of any prior operations and. where possible, evaluate the
paticor's menu or discuss with 1the family to recollect any
sources of hard body paris that cottld be an immediaie source
¢f the problem.
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Figure 2 A picture of the foot of a soft shelled hurtle.
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You might find this additional information useful...
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Nakamura, Eiji, Takashi Katacka, Kazuharu Furutani,
Keisuke Jimbo, Takeshi Aihara, Satoshi Tanaka, Atsushi
Ichikawa, Hiroshi Ohtsu, and Susumu Okabe. Lack of histamine
alters gastric mucosal morphology: comparison of histidine decarbox-
ylase-deficient and mast cell-deficient mice. Am J Physiol Gustroin-
test Liver Physiol 287: G1053-G1061, 2004. First published July 22,
2004; doi:10.1152/ajpgi.00353.2003.—Histamine plays an important
role in the regulation of gastric acid secretion; however, its role in
maintenance of gastric morphology remains unclear. To clarify the
necessity of histamine for gastric mucosal development and mainte-
nance, we cvaluated two different kinds of mice that lacked either
mast cells (one of the gastric histamine-producing cell types) or
histidine decarboxylase (HDC; a histamine-synthesizing enzyme).
Measurements of stomach weigh, intragastric pH, mucosal histamine
levels, as well as serum gastrin and atbumin levels were performed in
mice. Gastric mucosal appearance was examined by immunohisto-
chemical techniques. Although gastric mucosal histamine Jevels in
mast cell-deficient mice were half of those observed in the wild-type
mice, intragastric pH, serum gastrin levels, and gastric morphology at
12 mo were unchanged compared with the wild-type mice. In contrast,
HDC-deficient mice possessed no detectable gastric histamine, but did
exhibit hypergastrinemia, as well as marked increases in intragastric
pH and stomach weight compared with the wild-type mice. Histolog-
ical analysis revealed that 9-mo-old HDC-deficient mice demon-
strated hyperplasia in the oxyntic glandular base region. as well as
increased numbers of parietal and enterochromaffin-like cells. These
results indicate that enterochromaffin-like cell-derived histamine is
potentially involved in gastric mucosal morphology regulation.

enterochromaffin-like cell; parietal cell; hypergastrinemia

GASTRIC MUCOSA CONSISTS OF numerous blind tubular units con-
taining various cell types (28). All gastric mucosal epithelial
cells are known to originate from commeon progenitor cells in
the proliferative zone of the isthmus. Some cells migrate
upward, becoming mucous-secreting surface epithelial cells,
whereas other cells migrate toward the base of the gland,
differentiating into parietal, chief, or endocrine cells (18).
Maintenance of gastric mucosal integrity and structure is reg-
ulated by a varety of endocrine- and paracrine-mediating
factors.

Histamine is synthesized from histidine by histidine decar-
boxylase (HDC) and is stored in mast cells, enterochromaffin-
like {ECL) cells, and enteric nerve fibers in the oxyntic mucosa
of rodent stomachs (25, 46). It is well established that hista-

mine plays a pivotal role in gastnc acid secretion (!, 47)
however, its role in the regulation of gastric mucosal prolifer-
ation and differentiation essentially remains uncharacterized.
To clarify such a role, previous reports (16, 39, 40) have used
pharmacological inhibitors of histamine pathways, such as
histamine receptor (H;R. H:R, and H3R} antagonists and
a-fluoromethylhistidine (a-FMH), an irreversible inhibitor of
HDC (4, 5, 10). Nonetheless, incomplete ¢limination of hista-
mine action by these inhibitors could potentially confuse anal-
ysis of the exact role of histamine for regulation of gasiric
mucosal morphology.

Recently, HDC-deficient (HDC-KO) mice have been gener-
ated by gene-targeting methods (45, 52), As expected, these
mice exhibited no de novo gastric mucosal histamine synthesis
(52). Using 8- to 12-wk-old HDC-KO mice, we reported that
gastric mucosal morphology was similar to the wild-type (WT)
mice (52), although HDC-KO mice showed hypoacidity and
hypergastrinemia (24, 52). In this study, we exarmined the role
of histamine in the regulation of gastric mucosal morphology
in HDC-KO mice longer term, from 1 to 9 mo. In addition, the
present study characterized the specific role of ECL cell-
derived histamine by comparing the difference between
HDC-KO mice and mast cell-deficient mice.

MATERIALS AND METHODS

Animals. Six-week-old male mast cell-deficient WBBG&F,-W/W*
(W/W} and congenic normal WBB6F,-+/+ (+/+) mice were pur-
chased (lapan SLC, Shizuoka, Japan). The two mice strains were
independently maintained until an age of 3 or 12 mo. Male HDC-KQ
as well as the WT littermate mice were generated on a mixed genetic
129/Sv times ICR background, and raised with regular dict, and
independently maintained until an age of 1, 3, 6, or 9 mo (24, 45, 52).
All of the mice were given standard pellets (CE-2; CLEA, Tokyo,
Japan). Mice were deprived of food for 21 h and water for 2 h before
each experiment. Plasma and tissue samples from pairs of age-
matched WT and mutant mice were compated. Animal maintenance
and experimental procedures were carried out in accordance with the
guidelines of the Ethics Commiittee of Kyoto Pharmaceutical Univer-
sity,

Medasurement of serum gastrin and albumin levels, as well as
intragastric pH. Blood collected from mice was centrifuged at 6,000
g for 15 min to obtain serum samples. Serum gastrin levels were
determined by a radicimmunoassay {Mitsubishi Kagaku Bio-Clinical
Laboratories, Tokyo, Japan) and expressed as picograms of gastrin per
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milliliter of serum. Serum albumin levels were determined by a
bromecresol green assay (6, 21} and expressed as grams of albumin per
deciliter of serum. Stomachs removed from mice were incised along
the greater curvature, and intragastric pH was measured by directly
placing a pH meter on the fundic mucosa.

Determination of gustric mucosal histamine levels. Each sample for
histamine guantification was collected according to a previously
reported method (29). In brief, each stomach was rinsed with PBS
containing 107" M semicarbazide hydrochloride, weighed, and ho-
mogenized in 0.01 M PBS. The homogenates were diluted 1:10 with
phosphate buffer and heated in boiling water for 10 min to release
bound histamine. The homogenates were then centrifuged at 3,300 g
for 20 min, and the resulting supernatants were used for measure-
ments, Quantification of sample histamine levels was performed with
a histamine enzyme immunoassay kit (Immunotech, Marseilles,
France}.

Measurement of gastric mucosal protein and DNA levels. To
measure gastric mucosal protein levels, the entire glandular stomach
of each mouse was homogenized with | ml of 10 mM sodium
phosphate buffer (pH 7.5) comaining 1 mM NaCl. 1% Triton X-100,
0.1% SDS, 0.5% deoxycholate, 0.1% aprotinin, 10 pg/m! leupeptin,
and 1 mM PMSF. The homogenates were centrifuged at 10,000 g for
30 min at 4°C. The protein levels for each supernatant were measured
with a protein quantification kit (Bio-Rad, Hercules, CA) and ex-
pressed as milligrams of protein per stomach. To quantify DNA
levels, high molecular weight DNA was first isolated by digestion of
the stomach with proteinase K, followed by phenol-chloroform ex-
wraction. The concentration of DNA solubilized in water was then
quamified from the absorbance at 260 nm and the DNA levels in
gastric mucosa was calculated and expressed as micrograms of DNA
per stomach. The ratios of the protein levels or the DNA levels
berween HDC-KO and WT mice (KO/WT ratio) were calculated and
compared each ratio (o evaluate whether it is hyperplasia (increased
DNA levels) or hypentrophy (increased cell volume, but not DNA
levels).

Treatment. To evaluate the role played by hypergastrinemia in
gastric oxyntic mucosal hyperplasia induced in HDC-KO mice, (R)-
1-[2,3-dihydro-1-(2'-methylphenacyl)-2-oxo-5-phenyl-14-1.4-benzo-
diazepin-3-y1}-3-(3-methylphenyl) (YMO22) urea from Yamanouchi
Pharmaceutical (Fokyo, Japan) (31, 41) was administered orally for 2
mo 10 1-mo-old HDC-KO mice. YMO022 represents a selective cho-
lecystokinin type 2 receptor (CCK2R) antagonist; a dose of 30
mg-kg~'-day™! was used, because this dose inhibited gastrin-17-
stimulated gastric acid secretion in mice by >80% in our preliminary
experiments. Omeprazole was administered orally at a dose of 30
mg-kg~*-day~" for 2 mo to 1-mo-old WT mice to induce hypergas-
trinemia and allow comparison with HDC-KO mice in terms of
hyperplasia. Both drugs were suspended in 0.5% hydroxypropylcel-
lurose solution and were administered once daily at a volume of 3
mlkg body wt.

Histochemical analysis. For hematoxylin and eosin staining, as
well as immunonhistochemical analysis, of the gastric mucosa, the
stomach samples were fixed with Carnoy's fixative ovemnight, embed-
ded in paraffin wax, and then sectioned at a slice thickness of 4 pm.
Paraffin sections stained with hematoxylin and eosin or periodic acid
Schiff were vsed for determination of gastric mucosal thickness.
Under a microscope, well-crientated regions spanning from the gastric
base 1o the oxyntic mucosal surface were selected for measurement.
The mucosal thickness was taken as the average of measurements in
four different visual fields for each stomach with the use of a
calibrated-eyepiece micrometer scale. Immunohistochemical analysis
of parictal and endocrine cells was performed for each section with
the use of the following avidin-biotin-peroxidase immunohistochem-
ical technique. Parietal, D, and endocrine cells were detected with a
murine monoclonal antibody for a-subunit of murine H*-K *-ATPase
{Medical and Biological Laberatories, Nagoya, Japan), a rabbit anti-
body for somatostatin (DAKO, Carpinteria, CA), and a rabbit anti-

GASTRIC MUCOSAL HYPERPLASIA IN HDC-DEFICIENT MICE

body for a peptide (359-389 amino acid) of rat chromogranin A (Cg
A: Yanaihara Institute, Fujinomiya, Japan), respectively. In brief,
endogenous peroxidase activity was blocked with a methanol solution
containing 0.3% hydrogen peroxide. Sections were incubated with
primary antibody for a subunit of H*-K*-ATPase or Cg A for 2 h at
room temperature. Sections were then incubated with secondary
biotinylated antibodies, followed by sireptoavidin peroxidase. Finally,
slides were developed with diaminobenzidine and counterstained with
hematoxylin. Parietal and endocrine cell counts were quantified in
samples in which mucosal glands were perpendicularty oriented to the
mucosal surface. Cell counts for parietal cells positively immunore-
active for H*-K*-ATPase were determined in four different gland
units for each stomach; results were expressed as the number of cells
per gland unit. Cell counts for endocrine cells positively immunore-
active for Cg A or D cells positively reactive for somatostatin were
determined in four different visual fields for each stomach; results
were expressed as the average number of cells per visual field (0.25
mm®). An average for each group of animals was also calculated.

Statistics, Data are expressed as means * SE. Statistical differ-
ences were evaluated by using the Student’s r-test and Dunnetr’s
multiple comparison test, with a P value < 0.05 regarded as signifi-
cant. Dunnctt's test was performed after a significant ANOVA had
been achieved.

RESULTS

Mast cell deficiency exerted no effect on gasiric morphology.
Deletion of mast cells (W/WY) caused a significant decrease in
gastric mucosal histamine levels by ~50% compared with
+/+ mice (Fig. 14). However, the reduction in histamine
levels did not affect intragastric pH (Fig. 1B) or serum gastrin
levels (Fig. 1C), which were found 1o be similar for both +/+
and W/W" mice. In addition, histological analysis revealed that
WIW* mice failed to exhibit any morphological alterations in
the gastric oxyntic mucosa, even 3 and 12 mo after birth (Fig.
1, D-G). Ulcer was observed only in the gastric antrum of
WIW" mice (data not shown), corresponding with the previous
report by Shimada et al. (49).

Long-term histamine deficiency resulted in gastric mucosal
hyperplasia, hypochiorydria, and hypergastrinemia in HDC-KO
mice. HDC-KO mice developed without any obvious abnor-
mality in general appearance, exhibiting body weight gain
similar to WT mice for =9 mo after birth. As expected,
HDC-KO mice possessed undetectable histamine in the stom-
ach (Fig. 2A4). It was of interest that intragastric pH in
HDC-KO mice was significantly higher than that measured in
WT mice at all time points examined (1, 3, 6, and 9 mo after
birth; Fig. 2B). In addition, HDC-KO mice exhibited a marked
age-dependent gastric weight gain compared with WT mice,
which was first obvious 3 mo after birth (Fig. 2C). Moreover,
HDC-KO mice serum gastrin levels remained markedly ele-
vated at all time points examined (Fig. 2D). Serum albumin
levels were similar for WT and HDC-KO mice 6 and 9 mo
after birth (Fig. 2E). No comelation was observed between
body weight and stomach weight in either the WT or HDC-KO
mice,

To thoroughly ascertain the increased stomach weight ob-
served in HDC-KO mice, gastric mucosal protein and DNA
levels were compared for 6-mo-old WT and HDC-KO mice.
Protein levels in HDC-KO mice were significantly higher than
those of WT mice (17.47 = 1.89 mg/stomach vs. 11.80 * Q.74
mg/stomach; KO/WT, 1.48). DNA levels in HDC-KO mice
were approximately two times higher than those of WT mice
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