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and whether COX-1 or COX-2 is responsible for PG
production remain unknown. Pain associated with AIDS
patients is a prominent and debilitating feature in about
60% of patients but, alarmingly, is undertreated (O’ Neill
and Sherrard, 1993; Breitbart, 1997; Larue et al., 1997).
Evidence showing a link between HIiV-1 gp120 and the
EP3 receptor clearly warrants further investigations,
which may lead to pre-emptive therapy for pain associa-
ted with AIDS patients.
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Role of Prostaglandin H, Synthase 2 in Murine Parturition: Study on Ovariectomy-
Induced Parturition in Prostaglandin F Receptor-Deficient Mice'
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ABSTRACT

To determine the prostaglandin (PG) H, synthase (generally
referred to as cyclooxygenase [COX)) isozyme responsible for
producing uterotonic PGs during parturition, we used PGF,, re-
ceptor-deficient mice, which exhibit parturition failure due to
impaired withdrawal of serum progesterone at term. On ovari-
ectomy-induced parturition in these mice, uterine COX-2 mRNA
expression was drastically induced in the myometrium, whereas
COX-T mRNA expression in the endometrial epithelium de-
creased. The concomitant administration of progesterone with
ovariectomy resulted in a delay in parturition and the disap-
pearance of both the increase in COX-2 mRNA and the decrease
in COX-1 mRNA. Thus, the expression of myometrial COX-2 and
the occurrence of parturition are closely associated in this mod-
el. Furthermore, administration of the COX-nonselective inhib-
itor, indomethacin, or the COX-2-selective inhibitor, Dup-697
or JTE-522, effectively delayed ovariectomy-induced parturition
in these mice. These findings suggest that COX-2-derived PGs
contribute to the onset of parturition after the decrease in serum
progesterone level,

female reproductive tract, parturition, pregnancy, progesterone,
uterus

INTRODUCTION

The molecular mechanism that determines the timing of
parturition remains elusive despite intensive studies. Pre-
term parturition, resulting from the disruption of normal
parturition signaling, is considered to be the major cause
of neonatal mortality. Therefore, coming to an understand-
ing of the molecular events that trigger parturition is essen-
tial. Prostaglandins (PGs) are involved in various mam-
malian reproductive processes, including the induction of
parturition [1-4]. PGH, synthase, generally referred to as
cyclooxygenase (COX), is the rate-limiting enzyme in the
biosynthetic pathway of various PGs from arachidonic acid
[5]. Aspirin-like drugs, which inhibit the enzymatic activ-
ities of the COX isozymes, have been known to cause a
delay in parturition in many species, suggesting that PGs
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are important mediators of the onset of parturition [6]. Of
the two isozymes of COX, COX-1 is mostly expressed con-
stitutively, playing housekeeping roles in many tissues,
whereas COX-2 is induced on various pathophysiological
stimuli such as by cytokines [7].

In the induction of parturition of rodents, a decrease in
serum progesterone levels precedes uterine contraction. We
previously reported that PGF,, receptor-deficient (FP/-)
mice exhibit a phenotype of loss of parturition due to im-
paired luteolysis and persistently high serum progesterone
levels at term [8]. Gross et al. [9] reporied that COX-1-
deficient mice exhibit similar parturition defects with im-
paired luteolysis. These studies together indicate that COX-
I-derived PGF,, is essential for luteolysis, which is a trig-
ger for the induction of murine parturition. On the other
hand, along with luteolytic action of PGF,,, PGE, and
PGF,, have been reported to have potent uterotonic activ-
ities in the periparturient uterus [10], suggesting that these
PGs may contribute to the parturition process by directly
contracting myometrial smooth muscle after the decrease
in serum progesterone levels. However, it remains unclear
as to which COX isozyme is responsible for producing
these uterotonic PGs. We have previously reported that the
uterine expression of COX-2 mRNA is induced and the
expression of COX-1 mRNA is decreased during parturi-
tion in wild-type mice, suggesting the involvement of
COX-2 in producing uterotonic PGs during parturition [11].
A significant amount of COX-1 is expressed in intrauterine
tissues at term, and the role of COX-2 has been obscured
by the observation that a COX-2-selective inhibitor delayed
murine parturition only at high doses [12]. COX-2-deficient
mice have not been used for the analysis of parturition due
to their infertility [13].

To determine the isozyme responsible for producing
uterotonic PGs during parturition, we used an ovariectomy-
induced parturition model in FP~/~ mice. As stated herein,
FP-/- mice do not undergo parturition due to persistently
high serum progesterone levels. Ovariectomy on the day
before the expected term date is able to induce both suc-
cessful parturition and uterine COX-2 mRNA expression at
20 h after the treatment [11]. In the present study, we show
that the expression of COX-2 mRNA in the myometrium
is closely correlated with the occurrence of parturition,
since myometrial COX-2 mRNA expression at 20 h after
ovariectomy greatly decreased when parturition was de-
layed by treatment with progesterone. Furthcrmore, both
COX-nonselective and COX-2-selective inhibitors effec-
tively delayed ovariectomy-induced parturition in FP~/-
mice. Taken together, we propose that COX-2 is the major
isozyme responsible for the production of PGs, contributing
to the onset of parturition downstream of the decrease in
serum progesterone level, presumably via their uterctonic
activities.
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MATERIALS AND METHODS

Animal and Tissue Preparations

Female FP~/~ mice, with the chimeric background (129/0la X C57BL/
6), were maintained at 23°C under a 12L:12D cycle [8]. To obtain timed-
pregnant mice, FP~'~ virgin female mice (8 to 12 wk of age) were housed
overnight with C57BL/6 males and checked the following moming for
vaginal plugs. The day when a vaginal plug was observed was counted as
Day 1 of pregnancy. FP-/- mice were anesthetized by ether and bilaterally
ovariectomized at 2130-2230 h on Day 19 of pregnancy as previously
described [8, 11]. Because not only progesterone withdrawal but also an
increase in estradiol level appear necessary for induction of parturition,
we investigated the effect of progesterone or estradiol on the ovariectomy-
induced parturition and COX gene expression, and we also added both
steroid-administrated groups to examine possible interactions of each ef-
fect, FP~/- mice were treated subcutaneously with vehicle (0.1 mi of ses-
ame oil), progesterone {1 mg; Research Biochemicals Intermational, Na-
tick, MA), estradiol (17(3-estradiol, 250 ng; Research Biochemicals Inter-
national), or both estradiol and progesterone immediately after the ovari-
ectomy. First, the time of onset of parturition after ovariectomy was
examined by infrared videorecording. The onset of parturition was defined
as the time of complete delivery of the first pup in each mother. Second,
uterine horns were isolated 20 h after ovariectomy and subjected to North-
ern blot analysis or in situ hybridization analysis. Control animals received
a sham operation followed by vehicle reatment. For the groups adminis-
tered with COX inhibitors, animals were treated subcutaneously with ve-
hicle (0.1 m! of 3.5% dimethyl sulfoxide in sesame cil), the COX-non-
selective inhibitor, indomethacin (5 mg/kg; Sigma, St. Louis, MO), or
COX-2-specific inhibitors, Dup-697 (5 mg/kg: Cayman Chemical, Ann
Arbor, MD) [14] or JTE-522 (15 mg/kg; 4-[4-cyclohexyl-2-methyloxazol-
5-yl12-flucrobenzenesulphonamide; a gift from Japan Tobacco Inc., Osaka,
Japan) [15] at 12 h afier ovariectomy. Thereafter, the onset of parturition
was monitored by infrared videorecording. All mouse breeding and ex-
periments were performed according to the guideline for animal experi-
ments of Kyoto University,

Northern Blot Analysis

Uterine horns were dissected, freed from the conspectuses and placen-
tas, immediately frozen in liquid Nj, and stored at —80°C until use. Total
RNA was extracted from both uterine homs derived from one animal by
the acid guanidinium thiocyanate-phenol-chloroform method [16]. Total
RNA (15 ug) was separated by electrophoresis on a 1.5% agarose gel and
transferred onto a nylon membrane (Biodyne-A, Pall, Port Washington,
NY). Hybridizations were performed with *?P-labeled ¢DNA fragments
specific for COX-1 [17], COX-2 [17], and connexin-43 (Cx-43) (1.2-ki-
lobase fragment corresponding to the entire coding region) [18] at 65°C
in 6 X 8SC (1 X SSC is composed of 0.15 M NaCli and 0.015 M sodium
citrate), 0.5% SDS, and 5 X Denhardt solution. After hybridization, filters
were washed at 65°C in 0.5 X SS8C and 0.25% SDS, and the hybrids were
detected by autoradiography. The filters were then rehybridized with a 32P-
labeled ¢DNA fragment specific for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Clomech, Palo Alto, CA). Autoradiograms were sub-
jected 1o densitometric analyses for quantification of COX-1, COX-2, or
Cx-43 mRNA levels relative to GAPDH mRNA levels using the National
Institutes of Health Image software. For each group of tissues, three ani-
mals were analyzed and data were expressed as mean = SEM.

In Situ Hybridization

In site hybridization was performed as described previously [11, 19].
Uterine horns were dissccied, freed from the fetuses and placentas, and
immediately frozen. Sections 10 wm in thickness were cut on a Jung Fri-
gocut 3000E cryostat {Leica Instruments, Nussloch, Germany) and thaw
mounted onto poly-L-lysine-coated glass slides. Mouse ¢cDNAs for COX-~
1 and COX-2 [17] were prepared in the pBluescript 1l vector (Stratagene,
La Jolla, CA), and antisense or sense riboprobes specific for COX-1 and
COX-2 were synthesized by transcription with T3 or T7 RNA polymerase
(Stratagene) in the presence of [o-33S]CTP The sections were fixed with
4% formalin and acetylated with 0.25% acetic anhydride. Hybridization
was performed in a buffer containing 50% formaride, 2 X 85C, 10 mM
tris(hydroxymethyl)aminomethane-Cl (pH 7.5}, | X Denhardt solution,
10% dextran sulfate, 0.2% SDS, 100 mM dithiothreitol, 500 pg/mt of
sheared single-stranded salmon sperm DNA, and 250 pg/ml of yeast
tRNA. The antisense riboprobes were added to the hybridization buffer at
1.5 % 10° cpm/pl. After incubation at 60°C for 5 h, the slides were washed
for 1 hin 2 X SSC. The sections were treated with 20 pg/ml of ribonu-
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FIG. 1. Effects of the treatment with ovarian steroids on the onset of par-
turition after ovariectomy in FP~~ mice. FP~- mice on Day 19 of pregnancy
were ovariectomized and immediately treated with vehicle ), progester-
one (P), estradiol (E), or both estradicl and progesterone (EP). The time of
onset of parturition after ovariectomy was examined. Data are expressed as
mean * SEM. The number of mice used in each group is indicated in
parentheses. **P < 0.01 vs. vehicle.

clease A, followed by an additional wash in 0.1 X SSC at 60°C for 1 h.
The slides were then dipped in nuclear track emulsion (NTB3, Eastman
Kodzk, Rochester, NY). After exposure for 1.5 (for COX-1) or 4 {for
COX-2) wk at 4°C, the dipped slides were developed, fixed, and counter-
stained with hematoxylin-eosin. These experiments were repeated two or
three times with different animals and similar results were obtained.

Statistical Analysis

For the statistical analyses of the time of onset of parurition after
ovariectomy and the quantified data of Northern blot analyses, one-way
ANOVA followed by the Student or Welch f-test were used to evaluate
differences among individual groups. Some statistical analyses were per-
formed after logarithmic transformations of the data when they were ap-
propriate. Values were considered statistically significant at P < 0.05.

RESULTS

Effect of Steroid Treatment on the Onset of Parturition
after Ovariectomy at Term in FP~~ Mice

We examined the effects of progesterone and/or estradiol
treatments of FP~/- mice on the timing of ovariectomy-
induced parturition by an infrared videorecording system.
FP-/- mice treated with vehicle exhibited parturition at 19.9
* 2.3 h (n = 4) after ovariectomy on the evening of Day
20 (1800 h on the average). On the other hand, the onset
of parturition was delayed to 43.6 = 4.2 h (n = 4) after
ovariectomy in the progesterone-treated mice on the even-
ing of Day 21 (1800 h on the average) (Fig. 1). However,
treatment of FP~/- mice with estradiol had no effect on the
onset of parturition either in the presence or absence of
progesterone treatment. These results demonstrated that
progesterone but not estradiol has a retardant effect on the
onset timing of parturition in this model.

Expression of COX-1 and COX-2 mRNAs after
QOvariectomy at Term in FP~'~ Mice

To assess possible contribution of COX isozymes to the
onset of ovariectomy-induced parturition, we examined
uterine expression levels of mRNAs for COX-1, COX-2,
and Cx-43, a myometrial major gap junction protein, at 20
h after each treatment by Northern blot analyses (Fig. 2).
At this point, vehicle- or estradiol-treated mice underwent
parturition but other groups did not (Fig. 1). In FP~/- mice,
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FIG. 2. Effect of ovariectomy and ovarian steroid treatment on uterine expression of COX-1 (a), COX-2 {b), and Cx-43 () mRNAs in late pregnant
£P-- mice. FP-~ mice were ovariectomized bilaterally (ovx) or sham operated (sham) on Day 19 of pregnancy and were treated with vehicle (-,
progesterane (P), estradial (E), or both estradiol and progesterone (EP). Uterine horns were collected 20 h after the treatment and subjected to Northern
blot analysis (20). Uterine horns of FP-~ mice on Day 17 of pregnancy without treatment were also subjected to Northern blot analysis (d 17). The
positions of the major bands are indicated by arrowheads. The same blots were rehybridized with a *P-labeled CDNA probe for GAPDH. The lower
panels show quantified and normalized COX-1, COX-2, and Cx-43 mRNA levels relative to GAPDH mRNA levels (mean * SEM; n = 3). Values were
expressed as the fold of the level of sham-operated mice treated with vehicle. *P < 0.05 and **P < 0.01 vs. sham-operated mice treated with vehicle.
t# < 0,05 and 1P < 0.01 vs. ovariectomized mice treated with vehicle.

the levels of uterine COX-1 mRNA expression were per-
sistent during late pregnancy, as reported previously [11].
Ovariectomy on Day 19 resulted in a significant decrease
in COX-1 mRNA levels compared with the levels on sham
treatment and on Day 17. Estradiol treatment enhanced the
decrease in COX-1 mRNA expression. However, the inhi-
bition of ovariectomy-elicited parturition by progestcrone
or both steroid treatments reversed the COX-1 gene ex-
pression to the levels on sham treatment. In contrast to
COX-1, ovariectomy led to highly induced uterine COX-2
mRNA levels (on Day 20, 23.8- and 43.3-fold of the lcvels
on sham treatment, and on Day 17, respectively; P < 0.01
for both), accompanied with the induction of parturition.
The expression of uterine COX-2 mRNA was down-regu-
lated to faint levels, when the parturition was inhibited by
progesterone treatment. Estradiol treatment had no effect
on uterine COX-2 mRNA levels in either the presence or
absence of progesterone treatment. The change in expres-
sion levels for Cx-43 mRNA was similar to but showed
more modest changes than that for COX-2 mRNA on treat-
ment with ovarian steroids. Thus, the expression of uterine
COX-2 mRNA and the occurrence of parturition were
closely associated.

Cellular Localization of COX-1 and COX-2 mRNAs after
Ovariectomy at Term in FP~~ Mice

We next examined the distribution of COX-1 and COX-
2 mRNAs in uterine tissues at 20 h after ovariectomy and
administration of ovarian steroids in FP~/~ mice (Figs. 3
and 4). In situ hybridization analyses revealed a marked
spatial separation between COX-1 and COX-2 mRNAs in
these tissues. Signals for COX-1 mRNA were found in the

endometrial epithelium in vehicle-, progestercne-, and both
estradiol- and progesterone-treated mice (Fig. 3b, ¢, and ¢).
Consistent with the results of the Northern blot analysis,
COX-1 signals were weak in estradiol-treated mice (Fig.
3d). In contrast to COX-1 signals, hybridization signals for
COX-2 mRNA were observed in circular myometrium in
vehicle-treated mice (Fig. 4b). However, consistent with the
results of the Northern blot analysis, these signals disap-
peared when parturition was inhibited by progesterone
treatment (Fig. 4¢). Estradiol treatment had no effect on the
distribution and signal intensity of COX-2 mRNA in the
absence of progesterone treatment (Fig. 4d) and did not
induce COX-2 mRNA signals in the presence of proges-
terone treatment (Fig. 4e). Hybridization signals were abol-
ished when an excess amount of unlabeled probe was added
(Figs. 3f and 4f, for controls of Figs. 3b and 4b, respec-
tively; not shown for others) or the sense probe was hy-
bridized (data not shown).

Delaying Effects of COX-Nonselective or COX-2-Selective
Inhibitors on the Onset of Parturition after Ovariectomy
in FP~- Mice

To determine whether COX-2-derived PGs have a role
in the onset of parturition after ovariectomy in FP~/~ mice,
animals were treated with COX-nonselective or COX-2-
selective inhibitors at term after ovariectomy, and the onset
of parturition was monitored. The time to delivery after
ovariectomy was significantly prolonged by treatment with
the COX-nonselective inhibitor, indomethacin, or the COX-
2-selective inhibitor, Dup-697 or JTE-522 (Fig. 3), sug-
gesting a role of COX-2-derived PGs in the onset of par-
turition in this system.
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FIG. 3.

Bright-field (a) and dark-ficld (b-f) photomicrographs showing hybridization signals for COX-1 mRNA in uterine tissues after ovariectomy and

administration of cvarian steroids in late pregnant FP~/~ mice. FP~* mice on Day 19 of pregnancy were ovariectomized and treated with vehicle (a,
b. f), progesterone (c), estradiol (d), or both estradiol and progesterone (e). Uterine horns were collected at 20 h after the ireatment, and sections were
subjected to in situ hybridization analyses. The specificity of hybridization signals was verified by disappearance of the signals in (b} in the presence
of an excess amount of unlabeled probe (f) or by absence of the signals with the sense probe {data not shown). LM, Longitudinal smaooth muscle layer;
CM, circular smooth muscle layer; E, endometrial epithelium. Bar = 150 pm.

DISCUSSION

The principal finding in the present study is that induc-
tion of the COX-2 gene in the myometrium is closely as-
sociated with the onset of ovariectomy-induced parturition
in FP~/- mice, whereas expression of the COX-1 gene in
the uterus is down-regulated at that time. This observation
supports the important role of COX-2, which is induced
after the decline of serum progesterone levels in the sig-
naling pathway of murine parturition. Indeed, COX-2-se-
lective inhibitors were able to delay ovariectomy-induced
parturition in FP~/- mice. Reese et al. [12] recently pro-
posed that COX-2 may not be involved in mouse parturi-

tion because its mRNA is undetectable in the myometrium
on the morning of Day 19 of pregnancy. Although we have
a similar result that shows the absence of the COX-2
mRNA in the myometrium of wild-type mice on the morn-
ing of Day 19, strong signals for COX-2 mRNA were de-
tected in the myometrium during both natural parturition
on Day 20 in wild-type mice and ovariectomy-induced par-
turition in FP-/- mice, occurring an average of 20 h after
operation. Indeed, the expression of COX-2 mRNA could
be induced 16 h but not 12 h after ovariectomy in FP-/-
mice [11]. Thus, induction of COX-2 gene in the myome-
trium presumably starts only a few hours before the onset
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FIG. 4. Bright-field (a) and dark-field (b—f) photomicrographs showing hybridization signals for COX-2 mRNA in uterine tissues after ovariectomy and
administration of ovarian steroids in late pregnant FP-~ mice. FP-/~ mice on Day 19 of pregnancy were ovariectomized and treated with vehicle (a,
b, f), progesterone (¢), estradiol (d), or both estradiol and progesterone (e). Uterine horns were collected at 20 b after the treatment, and sections were
subjected to in situ hybridization analyses. The specificity of hybridization signals was verified by disappearance of the signals in (b) in the presence
of an excess amount of unlabeled probe (f or by absence of the signals with the sense probe (data not shown). LM, Longitudinal smooth muscle layer;
CM, circular smooth muscle layer; E, endometrial epithelium, Bar = 150 pm.

of parturition. Based on these results, we concluded that
COX-2-derived PGs other than PGF;, contribute to the on-
set of parturition after the decrease in circulating proges-
terone levels,

The role of COX-2 in preterm parturition has been pro-
posed by earlier studies. Specifically, COX-2 mRNA has
been induced in the uterus on lipopolysaccharide- or eth-
anol-induced preterm parturition [20, 21]. Furthermore,
the pharmacological inhibition of COX-2 but not the ge-
netic ablation of COX-1 delayed lipopolysaccharide-in-
duced preterm parturition [20, 22]. Thus, COX-2 may
have an important role in preterm parturition and in our
ovariectomy-induced term parturition in FP~/~ mice. On

the other hand, Reese et al. [12] reported that a COX-2-
selective inhibitor did not significantly delay murine spon-
taneous term parturition, except at high doses that may
also inhibit COX-1. They thus suggested that COX-2 does
not play a primary role in the signaling pathway of par-
turition, which is inconsistent with our results. This dis-
crepancy may have arisen from the higher sensitivity of
our system for detecting the tocolytic effects of the COX-
2-selective inhibitor than by the analysis of spontaneous
parturition. The lower variability in the time of ovariec-
tomy-induced parturition on vehicle treatment in our sys-
tem than that seen with spontaneous parturition potentiates
the sensitivity for detecting the tocolytic effects and thus
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FIG. 5. Delaying effects of COX-nonsclective and COX-2-selective inhibitors
on the onset of parturition after ovaricctomy in FP~~ mice, FP~- mice were
ovariectomized on Day 19 of pregnancy. At 12 h after ovariectomy, animals
were treated with vehicle {~), the COX-nonsclective inhibitor, indomethacin
(Indo), or the COX-2-selective inhibitors, Dup-697 (Dup) or JTE-522 (JTE). The
time of onset of parturition after ovariectomy was examined. Data are ex-
pressed as mean + SEM. The number of mice used in each group is indicated
in the parentheses. *P < 0.05 and **P < 0.01 vs. vehicle, respectively.

should be useful for studies such as this that investigate
potential tocolytic treatments.

Although COX inhibitors are an effective treatment for
preterm parturition in humans, their use is limited by the
adverse effects of inducing fetal ductus arteriosus (DA) clo-
sure in utero {23]. It has been reported that 100% of mice
lacking both COX-1 and COX-2 died within 12 h of birth
due to an abnormality in the DA, whereas the mortality rate
was only 35% in the COX-2-deficient mice [24]. This re-
sult, together with our studies, suggests that the use of
COX-2-selective inhibitors should provide a therapeutic ad-
vance toward the treatment of preterm parturition with few-
er adverse effects than COX-nonselective inhibitors if the
extent of the roles of each COX isozyme on DA are con-
served across animal species. Indeed, the COX-2 inhibitor
has been reported to possibly prevent human preterm de-
livery [25]. However, caution is needed on using COX-2
inhibitors for the treatment of preterm labor due to the re-
maining risk on the DA and the reported adverse effects on
the fetal kidney [26].

One of the intriguing findings in this study is that ad-
ministration of progesterone was sufficient to completely
suppress uterine COX-2 mRNA induced by ovariectomy in
FP-/- mice. Therefore, periparturient withdrawal of circu-
latory progesterone may be crucial for the induction of uter-
ine COX-2 mRNA in wild-type and ovariectomized FP-/~
mice. In contrast, administration of estradiol failed to show
any effects on ovariectomy-induced and progesterone-sup-
pressed COX-2 expression, as observed in the timing of
parturitton. These results may reflect that the controls of
gene expression by progesterone predominate those by es-
tradiol during late pregnancy. Indeed, in the present study,
COX.-2 showed a similar expression pattern to that of Cx-
43, a proposed important gap junctional protein during par-
turition, which was demonstrated to be induced by proges-
terone withdrawal in the periparturient uterus {27]. The
negative regulation of COX-2 mRNA by progesterone in
vivo has also been suggested by Critchley et al. [28], who
reported that the cessation of progesterone administration
elevates COX-2 mRNA expression in the nonpregnant hu-
man uterus. However, progesterone did not decrease COX-

2 mRNA levels in bovine myometrial or epithelial cells in
vitro [29, 30). These differences suggest that the negative
regulation of COX-2 mRNA by progesterone is by an in-
direct fashion and may require some paracrine factors.

The result that COX-2 localizes in the myometrium dur-
ing parturition, which is mostly consistent with previous
findings [31], may bc of help in considering the possible
contribution of immune cells and paracrine factors in the
negative regulation of COX-2 gene expression by proges-
terone. Mackler et al. [32, 33] reported that macrophages
are accurmuiated in murine myometrium, especially stroma
surrounding muscle bundles in late pregnancy. Intrauterine
macrophages are known to produce interleukin-13 (IL-1B),
which is locally acting on neighboring cells, but this cy-
tokine production is inhibited by progesterone [34-36].
Furthermore, like IL-1B, it was suggested that macrophage-
derived chemokines, such as monocyte chemotactic protein
1 and RANTES (regulated on activation, normal T-cel]l ex-
pressed and secreted), are present within uterine tissues, and
their expression was also suppressed by progesterone [37,
38]. Such suppression in paracrine factor production in
macrophages may mediate the negative regulation of COX-
2 gene expression by progesterone. Indeed, IL-1pB has been
shown to induce CQX-2 expression at the transcriptional
level in rat myometrial cells [39],

In our study, ovariectomy treatment decreased uterine
COX-1 mRNA expression, which was restored by the ad-
ministration of progestercne, suggesting that progesterone
is necessary for elevated COX-1 mRNA expression during
late pregnancy. This stimulatory effect of progesterone is
consistent with other reports using nonpregnant animals,
Specifically, antiprogestin treatment was found to abolish
COX-1 mRNA expression in the baboon endometrial epi-
thelium during the luteal phase of the menstrual cycle [40],
and the administration of progesterone elicited a modest
induction of uterine COX-1 mRNA expression in ovariec-
tomized nonpregnant mice [41]. However, this stimulatory
action of progesterone may have species-specific differenc-
es because the treatment of progesterone had no effect on
uterine COX-1 in ovariectomized nonpregnant sheep [42].
In contrast to progesterone, the administration of estradiol
greatly decreased uterine COX-1 mRNA in ovariectomized
FP~/~ mice. We previously reported that uterine COX-1
mRNA decreases sharply during spontaneous parturition in
wild-type mice, in which serum estradiol levels rise at term
[11]. Thus, a rise in serum estradiol concentrations, in ad-
dition to the withdrawal of progesterone, is thought to be
required for the rapid down-regulation of uterine COX-}
mMRNA during spontaneous parturition. The inhibitory ef-
fect of estradiol on COX-1 mRNA is surprising because
estradiol has been reported to increase COX-1 mRNA in
the uterus of ovariectomized nonpregnant mice [41, 43]. It
is unknown why this difference arises, but it may suggest
that the regulation of COX-1 mRNA by estradiol is indirect
and is mediated by other factors specific for each condition.

In summary, our results suggest that COX-2 is induced
in the myometrium and COX-2-derived PGs other than
PGF;, play a pivotal role in the onset of parturition under
the control of progesterone withdrawal. However, the exact
mechanism by which COX-2-derived PGs contribute to the
parturition process requires further investigation.
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Abstract

Background: Gene expression of prostaglandin E
receptor EP2 is induced in the luminal epithelium
of the mouse uterus during peri-implantation period
(day-5 of pseadopregnancy), suggesting the
involvement of progesterone and its receptor (PR)
in this expression. However it remains unclear
whether PR affects EP2 gene expression through its
binding.

Results: We investigated transcriptional regulation of
EP2 gene expression with reporter gene analysis using
HeLa cells with or without expression of the PR.The
5’-flanking region (—3260 to —27, upstream of the trans-
lation initiation site) exhibited progesterone-induced

Introduction

Prostaglandin E, (PGE2) receptor subtype EP2 is cou-
pled to Gs,and activation of the EP2 leads to an elevation
of cAMP concentration, consistent with its ability to
relax smooth muscle in vivo (Gardiner 1986; Regan et al.
1994). In addition, EP2 has been shown to be involved
in various PGE2 actions, such as ovulation, implanta-
tion, and inflammation (Coleman ef al. 1990; Sugimoto
ef al. 2000). Accumulating evidence suggests that EP2
mRNA is induced in a variety of tissues in response to
various physiological and pathological stimuli (Katsuyama
et al. 1998a; Hizaki et al. 1999; Ikegami er al. 2001,
Sonoshita ef al. 2001; Segi et al. 2003). Indeed, it has
been demonstrated that EP2 mRINA is transiently
expressed in the luminal epithelium of the mouse uterus
only during the implantation period (day-5 of pseudo-
pregnancy) (Katsuyama et al. 1997). This induction was
accompanied by an increase in serum progesterone levels,
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promoter activation and basal promoter activity in
the presence of PR. Using successive deletion analysis,
we determined tPe six regulatory regions in the
EP2 gene. Three regions were found to be involved in
progesterone-induced promoter activation, whereas
the other three regions were involved in basal pro-
moter activity in the presence of PR. We identified
a novel PR-binding sequence, 5-G(G/A)CCGGA-
3’, in the two basal promoter regions and Sp1- and
Sp3-binding in the other basal promoter region.

Conclusions: We identified a novel PR-binding
sequence, which may be involved in the regulation
of basal promoter activity in the EP2 gene.

suggesting the probable involvement of progesterone in
the expression of the EP2 gene in the uterus (Lim & Dey
1997). Kennedy et al. {1983) have in fact reported that
PHIPGE, binding to endometrium membranes is
increased by progesterone treatment in ovariectomized
rats, However, there has been no direct evidence show-
ing that expression of the EP2 gene is transcriptionally
regulated by progesterone.

The actions of progesterone are mediated through its
binding to progesterone receptors (PRs) in the target
cells. The PRs belong to the nuclear hormone receptor
family, which serve as ligand-activated transcription
factors. PRs consist of two isoforms, PR-A and PR-B,
being generated by alternative promoter usage (Kastner
et al. 1990). Both PR isoforms have the ability to recog-
nize and bind to a commeon sequence, known as the pro-
gesterone responsive element (PRE) located in the gene
promoters. To date, the sequence, AGAACANNNT-
GTTCT, is thought to be a typical PRE (Forman &
Samuels 1990), but PR has also been shown to elicit
enthancer activity through its binding to quite different
sequences on promoter regions of several genes in
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Mouse EP2 5'-flanking region

PR PR Spt,3

& -

Progesterone responsive region

progesterone-responsive cells (Lamian et af. 1993; Kepa
et al. 1996). Therefore, to understand progesterone activity
it is essential to analyse the sequences bearing basal or
PR -inducible promoter activity.

We recently demonstrated that the sequence in the
5’-flanking region of the mouse EP2 gene contains no
canonical consensus sequence for basal promoters such
as the TATA-box and GC-box (Katsuyama et al. 1998b).
Although one PRE-like region is present at 844 to
—830, the involvement of this sequence in EP2 gene
expression has not been addressed.

In the current study, we designed experiments for two
main purposes as follows; (i) to identify which regions
are responsible for progesterone-induced and basal pro-
moter activities (ii) to identify which regions show direct
PR-binding activity in the 5-flanking region of the
mouse EP2 gene.We identified a novel PR-binding sequ-
ence, which may be involved in the regulation of basal
promoter activity.

Results

Uterine expression of EP2 mRNA in
ovariectomized mice treated with progesterone or
17-P-oestradiol

Female mice were ovariectomized and maintained for a
further two weeks to eliminate the influence of endog-
enous progesterone. A subcutaneous injection of 1 mg
progesterone resulted in an increase of EP2 mRINA
expression in the uterus, which started 6 h after injection
and linearly increased for 24 h. On the other hand, the
injection of 250 ng 17-B-oestradiol did not increase but
rather slightly decreased EP2 mRINA expression (Fig. 1).

Progesterone-induced transcriptional activity of the
5'-flanking region of the EP2 gene

To determine whether the effect of progesterone is
mediated by direct transactivation of the EP2 gene, we
evaluated promoter activity of the 5'-flanking region of
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Summiary Figure A schematic presentaton
of the regulatory regions in the mouse EP2
5’flanking region.

the EP2 gene (3.2 kbp, —=3260 to ~27) by reporter gene
analysis in the presence of mouse progesterone receptors,
PR-A and PR-B. Treatment with progesterone for 24 h
markedly increased relative luciferase activity in the cells
co-transfected with PR-B ¢DNA, and slightly in cells
with PR-A ¢DNA (Fig. 2). In the absence of progester-
one, the increase of basal luciferase activity in both PR-
A- and PR-B-expressing cells was significant.

Identification of the progesterone responsive region
in the 5-flanking region of the EP2 gene

We previously demonstrated that the 5’-flanking region
of the EP2 gene including the 3260 base pairs upstream
of the translational initfation site, contains one putative
PRE but no typical TATA-box, GC-box or initiator
sequence (Katsuyama et al. 1998b). To determine the cis-
regulatory elements for progesterone-induced expres-
sion of the EP2 gene, a series of 5'-deletion mutants
fused to the luciferase gene as shown in Fig. 3 were con-
structed, and they were subjected to reporter gene anal-
ysis using HelLa cells co-transfected with mouse PR-B
cDNA. As a result, we identified six regulatory elements,
which were classifted into regions A to E in the 5"-flanking
region of the EP2 gene (Fig. 3). Successive deletion of
three regions, =226 to —206 (region C), —146 to ~126
(region E), and —117 to —76 (region F), leads to the
reduction of ptomoter activity in the absence of proges-
terone (Fig. 3, inset), whereas deletion of the other three
regions, =528 to —504 (region A), —472 to —409 (region
B}, and —186 to —176 (region D}, leads to the reduction
of promoter activity in the presence of progesterone. In
HeLa cells co-transfected with empty vector or PR-A
cDINA, the profile of basal promoter activity exhibited a
similar pattern to that of the cells co-transfected with
PR-B ¢DNA (data not shown). On the other hand,
deletion of the region containing the putative PRE-like
sequence did not induce any significant changes in either
progesterone-induced or basal promoter activity. These
results suggested that the regions C, E and F may be
involved in basal promoter activity and the regions A, B
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Figure 1 Expression of EP2 mRINA in the uteri of ovariectomized mice treated with progesterone and 17-B-oestradiol. (A) Fernale
ddY mice {9 weeks of age) were ovariectomized and maintained for a further 2 weeks. The mice were subcutancously treated with 17-
B-oestradiol (E2, 250 ng/mouse) or progesterone (P4, 1 mg/mouse) for the indicated times. Control mice were treated with vehicle
alone. Total RINA was extracted from each uteri of three mice and Northern blot analysis was performed using the *P-labelled specific
probe for the mouse EP2 receptor, as described under Experimental procedures. The probe for GAPDH was used as a loading control.
The data are a representative of three similar experiments. (B) Relative expression levels of EP2 mRINA obtained in (A} are shown (@ P4,
[ E2). The blots were subjected to densitometric analysis, and EP2 mRINA levels were normalized to GAPDH mRINA levels. The EP2/
GAPDH values are represented as fold of the value at O h.

[INone Mock

* PR-A

* H PR-B
0.2 0.I15 0'.1 0.I05 0 0 2 4 6 8

Relative Luciferase Activity

Figure 2 Progesterone-induced transcriptional activities of the 5’~flanking region of the mouse EP2 gene in the presence of mouse PR
subtypes. HeLa cells were transiently co-transfected with pGL3/EP2 —3260/-27, pcDNA3/mPR.-A or B, and pRL-TK.The transfected
cells were treated with (P4, M) or without 1 um progesterone (None, ) for 24 h and then harvested. The cell extracts were assayed for
Photinus pyralis Yuciferase activity to monitor the transcriptional activity as described in Experimental procedures. The efficiency of
transfection was normalized by the assay for Renilla reniformis luciferase activity. Each value represents the mean £ SD {n = 3).*P < 0.001
compared with Mock/None, **P < 0.0001 compared with Mock/P,. The data are a representative of three similar experiments.
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Figure 3 Progesterone-induced transcriptional activities of a series of 5°-deletion mutants of the mouse EP2 promoter region in the
presence of mouse PR-B. HeLa cells were transiently co-transfected with pcDNA3/PR-B and a series of 5’-deletion mutants of pGL3/
EP?2 as indicated on the left. The cells were treated for 24 h with (P4, B) or without 1 [LM progesterone (None, (). Luciferase activity
was measured to monitor promoter activity of each construct as described under the Experimental procedures. Each value represents the
mean  SD (# = 3). The data are a representative of three similar experiments. The inset shows the values in the absence of progesterone
illustrated with a different scale.

and DD may contribute to progesterone-induced promoter
activity of the EP2 gene.

C (225 to —195) corresponding to the region C
resulted in two specific retarded bands detected in the
nuclear extracts of T-47D cells, which are known to

Determination of the regions showing PR-binding abundantly express human PR proteins (Horwitz et al.

activity in the $’-flanking region of the EP2 gene

Since none of the regions A-F contained a consensus
PRE, PR-binding sequences were explored by electro-
phoretic mobility shift assay (EMSA) using each region
as a probe to detect PR-binding. The **P-labelled probe

750 Genesto Cells (2003) 8, 747-758

1982) (Fig. 4A). Treatment with an antibody against PR
resulted in disappearance of the upper band and appear-
ance of two bands with larger mobility shifts, the so
called super-shifted bands. This result indicates that the
upper band may contain human PR.. On the other hand,
the nuclear extracts from HeLa cells transfected with
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PR-B ¢DNA produced four specific bands (Complexes
I to IV). Among them, the complex Il was super-shifted
and the mobility of the complex II seemed to be similar
to that in the T-47D cells. These complexes and the
supershifts were also detected in the nuclear extracts of
mock-transfected cells (data not shown). Indeed, we
confirmed on immunoblot analyses using the anti-PR
antibody that PR-A was detectable in the nuclear
extracts of Hela cells and expression of PR-B was
obtained only in the cells transfected with PR-B ¢cDNA
(data not shown). Next, we investigated PR-binding by
EMSA using the *P-labelled probe E (152 to —118)
containing the region E, and found that the results were
roughly the same as that using **P-labelled probe C
shown in Fig. 4A. The formation of one specific band
and two super-shifted bands with the anti-PR antibody
were detected in the nuclear extracts of T-47D cells,
respectively (Fig. 4B). Furthermore, in the nuclear
extracts of HeLa cells transfected with PR-B cDINA,
four specific bands (Complexes I’ to IV’) were detected.
Addition of the anti-PR antibody resulted in the
decrease of the complex I’ level, and conversely in the
formation of super-shifted bands. EMSA performed
with *P-labelled probes containing the region A, B, D
or F resulted in several specific bands, which were not
super-shifted by addition of the anti-PR antibody {data
not shown).

Identification of the PR-binding sequence in the
EP2 promoter region

To determine the PR-binding sequence in probe E, four
kinds of mutated probe E, named M-1 to M-4 {Fig. 4C)
were prepared. Since this region is GC-rich, point muta-
tions targeting the GC bases were introduced into each
sample. The formation of PR-probe E complexes in the
extracts of T-4713 cells, corresponding to the complex II’
(Fig. 4D), was evaluated in the presence of these mutant
competitors. PR-binding to the probe E was completely
inhibited in the presence of M-1, -2 and -4, and not at
all in the presence of M-3 (Fig. 4D), indicating that the
sequence, 5-GGCCGGA-3" (-133 to —127), around
the mutated bases in M-3, might be a candidate for a
novel PRE. A similar sequence was also found in the
probe C with only a single nucleotide substitution
(Fig. 4C). In the presence of excess amounts of the
mutated cold probe m-1 and M-3, the intensities of the
complex II and the complex II" remained unchanged,
respectively (Fig. 4A,B), indicating that PR may bind to
the sequences, 5'-G(G/A)CCGGA-3'. Indeed, we then
performed EMSAs using the *P-labelled m-1 and M-3
probes and found no PR-binding was detected in Hela
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and T-47D cells with either probe {data not shown).
Furthermore, we investigated enhancer activity of the
regions covering the region C or E by placing it
upstream of thymidine kinase promoter. The thymidine
kinase promoter itself was found to be responsive to
progesterone in Hela cells in the presence of PR-B
(control; 0.492 * 0.0611, +progesterone; 1.80 £ 0.172,
3.66-fold increase, relative luciferase activity, n = 3},
which is consistent with the previous study (Thomson
et af. 1990). In case of fusion constructs with the region
C or E, the basal promoter activity was increased, but no
drastic enhancer activity was observed (Region C, control;
1.08 £0.115, +progesterone; 2.84 +0.425, 2.63-fold
increase, Region E, control; 1.31 £ 0.163, +progesterone;
4.33 £ 0.598, 3.31-fold increase).

Sp1-binding in the EP2 promoter region

It has previously been reported that PR can directly
interact with the Spl transcription factor {(Owen et al.
1998), and that PR regulates transcription of some genes
through the GC-box {Gao ef al. 2001; Tang ef al. 2002).
These results indicate that PR may indirectly bind to this
sequence via Spl family members, We then performed
EMSA using the consensus GC-box, 5'-GAT TCG ATC
GGG GCG GGG CGA GC-3,as a probe to investigate
the involvement of the Spl family in the regulation of
the EP2 gene (Fig. 5). Four specific bands (Complexes
I to IV”) were detected in the HeLa cell nuclear extracts.
The complex I” was super-shifted in the presence of an
anti-Sp1l antibody, whereas the complexes 11”7 and 111"
were supet-shifted in the presence of an anti-Sp3 anti-
body, which is consistent with previous observations
(LeVan et al. 2001). Addition of the antibody against Sp2
or Sp4 was found not to alter the mobility shift patterns.
Even in the presence of an excess of the probe C or E
which possess PR-binding activity (Fig. 4), complexes
I”, 117, and II1” still appeared. In addition to the regions
C and E, the region F was found to exhibit basal pro-
moter regulation of the EP2 gene (Fig. 3). In the pre-
sence of an excess of the probe F (-124 to -96),
formation of the complexes I”, 117, and III” was com-
pletely abolished. These results indicate that Spl and Sp3
can bind to the probe F but not to the probes C and E.
Using the **P-labelled probe E EMSA was performed to
confirm binding of Sp1 and Sp3 (Fig. 6). Four specific
bands (Complexes I# to IV#) appeared with the probe
F Among them, complex I# was super-shifted in the
presence of the anti-Spl antibody, whereas complexes
[I# and III# were super-shifted in the presence of the
anti-Sp3 antibody. To determine the Sp1/Sp3-binding
sequence, competition analysis using an excess of

Genes to Cells (2003) 8, 747-758
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Super-shifts
Complex|  »>» (Sp1)
ComplexIl =>» Super-shifts
! (Sp3)
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Complex |V =>» -
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Figure 5 Binding of Sp1 and Sp3 to the EP2 basal promoter region. EMSA was performed using the **P-labelled consensus GC-box
probe with the nuclear extracts of HeLa cells (5 g} as described under Experimental procedures. Competition analysis was performed
to determine specific binding using an excess of unlabelled probe C, E or F (—124 to —96). Supershift analysis was also performed using
the antibodies raised against Sp1, Sp2, Sp3 and Sp4 (Sp1-Sp4) and the control non-immune antibody (Ctl). The bands for the specific
bindings are indicated as the Complexes I” to IV” with the arrows on the left and super-shifted bands are shown on the right. This panel
shows representative data of three independent experiments.

Figure 4 PR.-binding activity of the basal promoter region in the 5'-flanking region of the mouse EP2 gene. HeLa cells were transfected
with pcDINA3/PR-B 48 h before preparation of the nuclear extracts. EMSA was performed using **P-labelled oligonucleotides
corresponding to the regions —225 to =195 (probe C) (A}, or —152 to —118 (probe E} (B). Nuclear extracts of HeLa cells transfected
with PR-B ¢cDNA (HeLa/PR.-B, 30 ng) and T-47D cells (T-47D, 7.5 jig) were prepared 2 h after the addition of 1 UM of progesterone.
Preincubation with a 200-fold molar excess of the same, unlabelled probes (wt, Probe C in (A} and Probe E in (B)) or the mutated probes
(m-1in (A) and M-3 in (B), the sequences are presented in (C)) was performed to determine the specificity of binding. Supershift analyses
were performed using an anti-PR antibody, which can bind to both hurnan and mouse PR (PR} or control non-immune antibody (Ctl).
The bands for specific bindings are indicated as the Complexes I to IV in {A), and the Complexes I’ to [V’ in (B) by the arrows on the
left. The super-shifted bands are also indicated on the right. The data are a representative of three similar experiments. (C) Sequences of
probe E and C, and the mutated oligonucleotides (M-1 to M-4, and m-1) are presented. The bar indicates the regions E and C. (D)
EMSA was pedormed using the *P-labelled probe E with the nuclear extracts of T-47D cells {7.5 Jlg) pretreated with 1 um of
progesterone for 2 h. Preincubation with an excess of each unlabelled probe designed as M-1 to M-4 in (C) was performed to determine
the PR.-binding sequence. The PR-probe E complex is indicated as PR-DINA complex by the arrow on the left. The data are a
representative of three sirnilar experiments.
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Figure 6 Spl- and Sp3-binding sequence in region F of the EP2 promoter region. (A) Sequences of the probe F and the mutated
oligonucleotides (M-1 ~ M-3} are presented. (B} EMSA was performed using the P-labelled probe F with the nuclear extracts of HeLa
cells (5 1tg) as described under Experimental procedures. Competition analysis was performed to determine specific binding using an
excess of unlabelled probes corresponding to the consensus GC-box, the mutated probes, M-1, -2, or -3. Supershift analysis was
performed using either an anti-Sp1, an anti-Sp2, an anti-Sp3, an anti-Sp4 (Sp1-Sp4}, or the control non-immune antibody (Ctl). The
bands for specific binding are indicated as the Complexes I# to IV# with the arrows on the left and the super-shifted bands are indicated
on the right. The data are a representative of three similar experiments.
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unlabelled probe was performed (Fig. 6A). Formation of -

complexes I#, I1#, and I1I# were all abolished in the
presence of an excess of M-1 or M-2, whereas these
complexes were still detected in the presence of M-3.

Discussion

Progesterone has been suggested to affect the EP2 gene
expression in the uterine epithelial cells (Katsuyama ef al.
1997; Lim & Dey 1997), also there has been no direct
evidence in terms of transcriptional regulation of the
EP2 gene by progesterone. The current study demon-
strated that the 5"-flanking region of mouse EP2 gene
{~3260 to —27) is activated by progesterone in the presence
of PR, especially of the B form (Fig. 2). Preference for
the B form has been reported in many progesterone
responsive genes (Wen et al. 1994), which is consistent
with our results. Increased promoter activity was also
found in the absence of progesterone in cells co-
transfected with PR.. This observation indicates that PR
may be involved in both progesterone-induced and basal
transcription of the EP2 gene.

Although this promoter region contains one proges-
terone responsive element (PRE)-like sequence (~844
to —830), the deletion of this region did not influence
progesterone-induced reporter gene activation (Fig. 3),
indicating the existence of other progesterone responsive
elements. Successive deletion analysis of the 5’-flanking
region of the EP2 gene revealed six regulatory elements
(Fig. 3), which can be divided into two categories; one
is involved in progesterone-dependent transcriptional
activation (regions A, B and D), and the other in basal
promoter activity (regions C, E and F). We failed to
detect any PR-binding to the former three regions,
although EMSA using each region as a probe demon-
strated specific binding proteins (data not shown). These
results indicate that the inducible effects of progesterone
may be mediated via other unknown transcription fac-
tors binding to these elements, which contain no
homologous sequences with the known regulatory cle-
ments. On the other hand, PR-binding to the latter two
regions (C and E}, both of which have no canonical
PRE (Forman & Samuels 1990), was observed (Fig. 4).
Supershift analyses using the anti-PR antibody and
mutational analyses revealed that the sequence, 5’-G(G/
A)CCGGA-3, is a potent candidate for the novel PR-
binding sequence (Fig. 4). The porcine uteroferrin gene
was also found to be regulated by progesterone through
its 5’-flanking region, which contains no canonical PRE
(Lamian et al. 1993}, although the PR-binding sequence
has not yet been confirmed in this region. Since we can
find the same sequence as the novel PR -binding element
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of the EP2 gene in this region, this sequence may be
functional not only in the EP2 gene but also in the other
progesterone responsive genes.

The nuclear extracts of HeLa cells were demonstrated
to contain several specific binding proteins to the novel
PR-binding element in addition to PR, whereas those
of T-47D cells were not (Fig. 4). It is possible that PR~
binding to this element may be indirect and be mediated
via binding(s) of other transcription factor(s) in HeLa
cells. Since Owen et al. (1998) reported that PR can
interact with Sp1 and CBP/p300 in in vitro and since
Tang et al. (2002) reported that human PR mediates its
own promoter activity through the Sp1 site, PR-binding
to the novel PR-binding element in the EP2 gene,
which is a GC-rich sequence, may be enhanced by bind-
ing of the Sp1 family. Supershift analysis using the con-
sensus GC-box revealed that Spl {complex I” in Fig. 5)
and Sp3 (complex II” and 111" in Fig. 5) are included in
the nuclear extracts of HeLa cells, and both bindings
were still detected in the presence of an excess of the
probe C or E.These observations indicate that neither
Spl nor Sp3 binds to the novel PR-binding element of
the EP2 gene. On the other hand, the probe F which
contains a partial sequence of the putative basal pro-
moter, the region F was found to compete with Spl-
and Sp3-binding to the GC-box. Mutational analysis
revealed that the cytidine-rich sequence in the region F
1s involved in Spl- and Sp3-binding (Fig. 6). These
results suggest that PR-binding to the novel PR-binding
element may regulate basal promoter activity of the EP2
gene through interaction with Spl and/or Sp3 bound to
the cytidine-rich sequence of the region F (5’-CCCTC-
CCC-3", which is completely conserved in the human
EP2 gene (Smock etal 1999). We have previously
reported that both EP2 and COX(cyclooxygenase)-2
mRNA expression is induced upon treatment with
lipopolysaccharide in mouse macrophages, and upon
treatment with gonadotropins in ovarian cumulus cells
{Hizaki et al. 1999; Ikegami et al. 2001). Since Sp1 and
Sp3 were also found to bind to the Spl element (5'-
GGGAGG-3") in the human COX-2 promoter region
(Xu et al. 2000), Sp1/5p3-binding may be one of the key
regulators in the simultaneous expression of the EP2 and
COX genes.

Significant amounts of bands corresponding to the
complex [ and the complex I# were still detected in the
presence of the anti-Sp1 antibody, and they appear to be
due to the incomplete supershift (Figs 5 and 6). How-
ever, the existence of remaining band has ako been
reported in HelLa cells using the consensus GC-box as a
probe with the anti-Sp1 antibodies obtained from the
different sources (LeVan et al. 2001; Cohen et al. 1997).

Genes to Cells (2003) 8, 747-758
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These results suggest that this complex may be a doublet
and the remaining band may not be Spl, although we
could not idenafy this complex using the antibodies
raised against the other Sp1 family (Fig. 5).

Excess amounts of cold probe C, E, or F were found
to inhibit formation of the complex IV” to 2 similar
degree to those of the GC-box, which indicates the
presence of another transcription factor that can bind to
the probes C,E, and F in addition to the consensus GC-
box. Similar complexes with small mobility shifts have
also been detected in addirion to the Sp1 family using
the consensus GC-box as a probe in the other cell lines
(Skak & Michelsen 1999; Stoner et al. 2000), although
these complexes were not identified in these studies. We
could not identify this complex by supershift analyses
using available antibodies including those against the Sp1
family proteins (Fig. 5).

In summary, we determined the six regulatory regions
in the 5’-flanking region of the mouse EP2 gene; three
regions were found to be involved in progesterone-induced
promoter activation, whereas the other three regions
were involved in basal promoter activity in the presence
of PR.. Furthermore, we identified the novel PR-binding
sequence, 5'-G(G/A)CCGGA-3, in the two basal pro-
moter regions and Spl- and Sp3-binding to the other
basal promoter region.

Experimental procedures
Materials

The following materials were obtained from the sources indicated:
[0-*P]dCTP (3000 Ci/mmol) from Du Pont New England
Nuclear (Boston, MA, USA), 17-B-oestradiol and progesterone
from Research Biochemical International (Natick, MA, USA),
progesterone-water soluble and Poly{deoxyinosinic-deoxycytidylic)
acid sodium salt (Poly(dI-dC)-Poly(dI-dC)), from Sigma-Aldrich
(Saint Louis, MO, USA), Biodyne A membranes from Pall (East
Hills, N}, pGL3-Basic Vector and Dual-luciferase® Reporter
Assay System from Promega (Madison, WI, USA), Time Saver from
Amersham Pharmacia (Uppsala, Sweden), FuGENE™ 6 transfec-
tion reagent from Roche {(Mannheim, Germany), specific anti-
bedies against PR, Sp1, $p2, Sp3 and Sp4 and control non-immune
antibody from Santa Cruz Biotechnology Inc. {(Santa Cruz,
CA, USA). All other chemicals were commercial products of
reagent grade.

Northern blot analysis

dd¥Y mice were purchased from Japan SLC (Hamarmatsu, Japan).
Adult female mice (9 weeks of age), which were not conditioned
to the same estrous cycle, were ovariectomized. Two weeks after
the ovariectomy, they were subcutaneously injected with 17-B-
oestradiol (250 ng/mouse), or progesterone (1 mg/mouse). All

756 Genesto Cells (2003) 8, 747-758

steroids were dissolved in sesame oil (0.1 mL/mouse). The control
animnal received vehicle only, Uteri were collected at the indicated
time points from three mice. Total RNAs were isolated according
to the acid guanidinium thiocyanate-phenol-chloroform method
(Chomczynski & Sacchi 1987) and separated by electrophoresis
on a 1.5% agarose gel (40 pg/lane) followed by transfer on to a
Biodyne A membrane. Synthesis of the EP2 anti-sense RNA
probe and hybridization was performed as previously described
(Katsuyama et al. 1995). The same filter was rehybridized with the
*P.labelled probe for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH).

Construction of reporter genes

The 5-flanking region of the mouse EP2 gene was isolated from
a mouse genomic library as reported previously (GENBaNK acces-
sion no. AB007695) (Karsuyama et al. 1998b). The 3.2 kbp-
fragment (nucleotide residues =3260 to —27, the translation start
site = 1) of the 5"-flanking region of the mouse EP2 gene was sub-
cloned into the Smal site of the pGL3 basic vector (pGL3/EP2 —
3260/-27). Successive 5'-deletion mutants were generated by
polymerase chain reaction {PCR) using forward primers, contain-
ing the cassette sequence 5'-CGC GTG CTA GCC C-3 at the
5’-end, and the reverse primer 5-TTC TTT ATG TTT TTG
GCG TCT TCC A-3" (+113 to +89 in pGL3 basic vector). The
PCR. products were digested with Nhel and Xhol, and subcloned
into the pGL3 basic vector. In enhancer analyses, the thymidine
kinase prometer in pBLCAT?2 was digested with BamHI and Belll,
and subcloned into the Bglll site of pGL3 basic vector. Oligonu-~
cleotides corresponding to the sequence =225 to ~195 and ~152
to —118 of the 5"-flanking region of the EP2 gene were synthe-
sized and inserted into the Smal site upstream of the thymidine
kinase promoter.

Cloning of mouse PR ¢cDNA

A uterus cDINA library was constructed from mice stimulated
with PMSG for 48 h and mouse PR ¢<DNAs were cloned using
Time Saver. The mouse PR-A and PR-B cDNAs were subcloned
into pcDNA3 (pcDNA3/PR-A and pcDNAJY/PR-B) according
to the procedures previously described (Schort et al. 1991).

Cell culture

HeLa, a human cervical carcinoma cell line, and T-47D, 2 human
breast cancer cell line, were cultured in phencl red-free Eagle’s
Minirnum Essential Medium containing 10% foetal bovine serum,
2 mM L-glutamine, 0.06 mg/mL kanamycin, 100 U/mL penicil-
lin, and 100 pg/mL streptomycin at 37 °C in a fully humidified
5% CO, atmosphere.

Transfection and luciferase assay
HeLa cells were seeded on to six-well plates at a density of 1 x 10°

cells per well in phenol ted-free Eagle’s Minimum Essential
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Medium containing 10% charcoal-stripped and heat-inactivated
(40 min, 55 °C) foetal bovine serum, 2 mM L-glutamine and
0.06 mg/mL kanamycin. After 24 h, cells were transiently co-
transfected with 0.67 Lig of a reporter gene construct (pGL3) con-
taining 5'-flanking regions of the EP2 gene, 0.25 lig of 2 mouse
PR-subtype expression vector (pcDNA3/PR) or 0.07 pg of
pRL-TK using FuGENE™ 6 according to the manufacturer’s
instructions. Twenty-four hours after transfection, cells were
treated with or without 1 pm of progesterone. Cells were har-
vested in 1 X luciferase lysis buffer 48 h after transfection, and
reporter gene expression was measured and normalized using
a dual luciferase assay kit, All experiments were repeated at
least three times in triplicate, and the data are expressed as
mean = SD.

Nuclear protein extraction

Hela cells were seeded on to a plastic dish (® = 150 mm) at a
density of 2 % 10° cells in phenol red-free Eagle’s Minimum
Essential Medium containing 10% charcoal-stripped and heat-
inactivated foetal bovine serum, 2 mm L-glutamine and 0.06 mg/
mL kanamycin. After 24 h, cells were transiently transfected witch
20 Pg of peDNA3/PR-B by FuGENE™ 6. Forry-six hours after
transfection, cells were treated with 1 um of progesterone. Forty-
eight hours after transfection, cells were washed with ceold
phosphate-buffered saline, and harvested. The cell pellets were then
resuspended in 20 mm HEPES, pH 7.9, containing 5 mm KCl,
0.5 mm MgCl,, 2 mm dithiothreitol (DTT), and 0.6 mm phenyl-
methanesulphenyl fuoride (PMSF), and incubated on ice for
30 min.The pellets were lysed with a Dounce homogenizer (type
B) and centrifuged at 7500 g for 30 min 2t 4 °C to obtain the
nucleus fraction. The nucleus fraction was then resuspended in
20 mm HEPES, pH 7.9, containing 500 mm NaCl, 0.2 mm
EDTA, 1.5 mm MgCl, 2 mm DTT, 0.6 mm PMSE and 25%
glycerol and incubated at 4 °C for 1.5 h with gentle shaking.
Nuclear extracts were then obtained by centrifugation of the
nucleus fraction at 18 000 g for 30 min at 4 °C, followed by twice
dialysis against 25 mm HEPES, pH 7.9, containing 50 mm KCl,
0.5 mm EDTA, 2 mm DTT, 0.6 mm PMSE and 10% glycerol for
3 h at 4°C. The nuclear exrracts were then re-centrifuged at
18 000 ¢ for 30 min at 4 °C. The resultant nuclear extracts were
stored at =80 °C until use. Protein concentrations were deter-
mined according to the method of Bradford (1976) using bovine
serum albumin as a standard.

Electrophoretic mobility shift assay (EMSA)

Oligonucleotide probes corresponding to the sequence —225 to
—195,-152 to =118 and —124 to —96 of the 5-flanking region of
the EP2 gene and the Sp1 consensus sequence (Cohen et al. 1997}
were synthesized and radiolabelled with [0-*?P]dCTP using the
Klenow fragment. The nuclear extracts from HeLa cells (30 pug
protein} or fromT-47D cells (7.5 pg protein) pretreated with 2 jig
of Poly(di-dC)-Poly(d1-dC) for 15 min at 30 °C were incubated
with 20 000 c.p.m. of ¥P-labelled probes for 45 min at 30 °C.The
reaction mixtures were separated on native 4% polyacrylamide
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gels at 150V for 2.5 h at 4 °C in 50 mm Tris-HCI, pH 8.5, con-
taining 380 mm glycine and 2 mm EDTA. EMSA for Spl-
binding was performed according to the procedure as previously
described by Shou et al. (1998). The dried gels were subjected to
autoradiography.
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