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Abstract. Identifying the small molecules that permit
precise regulation of embryonic stem (ES) cell
proliferation should further support our understand-
ing of the underlying molecular mechanisms of self
renewal. In the present study, we showed that PGE2

increased [3H]-thymidine incorporation in a time and
dose dependent manner. In addition, PGE2 increased
the expression of cell cycle regulatory proteins, the
percentage of cells in S phase and the total number of
cells. PGE2 obviously increased E-type prostaglandin
(EP) receptor 1 mRNA expression level compare to 2,
3, 4 subtypes. EP1 antagonist also blocked PGE2-

induced cell cycle regulatory protein expression and
thymidine incorporation. PGE2 caused phosphoryla-
tion of protine kinase C, Src, epidermal growth factor
(EGF) receptor, phosphatidylinositol 3-kinase
(PI3K)/Akt phosphorylation, and p44/42 mitogen-
activated protein kinase (MAPK), which were
blocked by each inhibitors. In conclusion, PGE2-
stimulated proliferation is mediated by MAPK via
EP1 receptor-dependent PKC and EGF receptor-
dependent PI3K/Akt signaling pathways in mouse ES
cells.
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Introduction

Over the last few years a number of extracellular
factors have been identified that affect ES cell
proliferation. To understand the underlying molecular
mechanisms of ES cell proliferation, it would be useful
to identify the small molecules that permit precise
regulation of ES cell proliferation. In this respect, one
of the first issues that must be addressed is the
necessity to expand ES cells in vitro in chemically-
defined conditions. In general, prostaglandins play a
crucial role in embryo development and implantation

[1 – 4]. PGE2, one of the prostaglandins, plays a crucial
role in hematopoietic stem cell growth and develop-
ment in both embryonic and adult stem cell homeo-
stasis in simple and complex vertebrate systems [5].
There are also reports that PGE2 protects mouse ES
cells from apoptosis [6] and regulates cell proliferation
[7]. In addition, endogenous PGE2 stimulates prolif-
eration of human mesenchymal stem cells [8]. There-
fore, it is possible that PGE2 in the extracellular
plasma environment may be involved in ES cell
growth. Although many previous reports have exam-
ined the function of PGE2 in the proliferation of
various cell types [9– 14], the effect of PGE2 on mouse
ES cells has not been elucidated.
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The biological effects of PGE2 are mediated through
four different G protein-coupled receptor (GPCR)
subtypes: EP1, EP2, EP3 and EP4 [15]. The EP1
receptor activates Gaq, eliciting enhanced intracellu-
lar Ca2+ levels by influencing phosphatidylinositol
turnover as well as the membrane association and
activation of PKC [6, 16]. Also, PGE2 induces a
concentration-dependent increase in the levels of
phosphorylated p44/42 mitogen activated protein
kinase (MAPK) through a pathway that requires the
activities of PKC, IP3 receptor, and phospholipase C
[17]. However, PGE2 has an alternative pathway in
addition to the general pathway via the EP1 receptor.
Previous studies have shown that EGF receptor can
cross talk with GPCRs via Src [14, 18 –20]. In addition,
MAPK phosphorylation and CDK expression are
mediated by PGE2-induced activation of EGF recep-
tor and Akt in various cell types [21 –24].
In the present study, mouse ES cells were used as a
model for cell proliferation. The ES cells were
cultured in Dulbecco�s modified Eagle�s medium
(DMEM) supplemented with leukemia inhibitory
factor to maintain their undifferentiated state and to
support the derivation and expansion of the ES cells
[25, 26]. These cells closely resemble their in vivo
counterparts and thus provide a stable in vitro model
of embryo growth and development. Thus, we exam-
ined the interaction between PGE2 and EGF receptor
in the proliferation and related signaling pathways in
mouse embryonic stem cells.

Materials and methods

Materials. Mouse ES cells were obtained from the
American Type Culture Collection (ES-E14TG2a;
Manassas, VA). Fetal bovine serum (FBS) was pur-
chased from Biowhittaker (Walkersville, MD). Pros-
taglandin E2, SC 51322, bisindolylmaleimide I, staur-
osporine, PP2, AG 1478, LY 294002, and monoclonal
anti-b-actin were obtained from Sigma Chemical
Company (St. Louis, MO). Akt inhibitor was pur-
chased from Calbiochem (La Jolla, CA). [3H]-Thymi-
dine was obtained from Dupont/NEN (Boston, MA).
Phospho-p44/42, p44/42, phospho-AktThr308, phospho-
AktSer473, and total-Akt antibodies were purchased
from New England Biolabs (Herts, UK). Anti-CDK2,
cyclin E, CDK4, cyclin D1, p21cip1/waf1, p27kip1, PKC a,
e, z, phospho-EGFR, and phospho-Src antibodies
were purchased from Santa Cruz Biotechnology
(Delaware, CA). Goat anti-rabbit IgG antibodies
were supplied by Jackson Immunoresearch (West
Grove, PA). Liquiscint was obtained from National
Diagnostics (Parsippany, NY). All other reagents

were of the highest purity commercially available
and were used as received.

ES cell culture. Mouse ES cells were cultured for five
days in Dulbecco�s modified Eagle�s media (DMEM,
Gibco-BRL, Gaithersburg, MD) supplemented with
3.7 g/L sodium bicarbonate, 1 % penicillin and strep-
tomycin, 1.7 mM L-glutamine, 0.1 mM b–mercaptoe-
thanol, 5 mg/ml mouse leukemia inhibitory factor
(LIF), and 15 % FBS, without feeder layer. The cells
were grown on gelatinized 12-well plates or 60-mm
culture dishes in an incubator maintained at 37 8C in
an atmosphere containing 5% CO2 and air. After two
– three days the cells were washed twice with
phosphate-buffered saline (PBS) and maintained in
serum-free DMEM with all supplements. After a 24 h
incubation period, the cells were washed twice with
PBS and incubated with fresh serum-free media
including all supplements and the designated agents
for the indicated period.

Alkaline phosphatase staining. Cells were washed
twice with PBS and fixed with 4 % formaldehyde for
approximately 15 min at room temperature. After
washing the cells with PBS, cells were incubated with
alkaline phosphatase substrate solution [200 mg/ml
Naphthol AS-MX phosphate, 2 % N, N dimethylfor-
mamide, 0.1 M Tris (pH 8.2), and 1 mg/ml Fast Red TR
salt] for approximately 10~15 min at room temper-
ature. After washing with PBS, the cells were photo-
graphed.

Immunofluorescence staining with SSEA-1. Cells
were fixed and treated with mouse anti-SSEA-1
antibody (1:50, Santa Cruz Biotechnology, Delaware,
CA) for 1 h at room temperature. Subsequently, the
cells were incubated with fluorescein isothiocyanate-
conjugated (FITC-conjugated) anti-mouse IgM (1:
100) for 1 h at room temperature. Fluorescence
images were obtained using a fluorescence micro-
scope (Fluoview 300, Olympus).

[3H]-thymidine incorporation. [3H]-thymidine incor-
poration experiments were carried out using the
methods described by Brett et al. [27]. In this study,
the cells were cultured in a single well until they
reached 70% confluence. They were then washed
twice with PBS and maintained in serum-free DMEM
including all supplements. After 24 h incubation, the
cells were washed twice with PBS and incubated with
fresh serum-free DMEM containing all supplements
and the indicated agents. After the indicated incuba-
tion period, 1 mCi of [methyl-3H]-thymidine was added
to the cultures. Incubation with [3H]-thymidine con-
tinued for 1 h at 37 8C. The cells were washed twice
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with PBS, fixed in 10 % trichloroacetic acid (TCA) at
23 8C for 30 min, and then washed twice with 5 %
TCA. The acid-insoluble material was dissolved in 2 N
NaOH for 12 h at 238C. Aliquots were removed to
measure the radioactivity using a liquid scintillation
counter. All values are reported as the mean� S.E. of
triplicate experiments. The values were converted
from absolute counts to a percentage of the control in
order to allow comparison between experiments.

Cell number counting. The cells were incubated with
PGE2 for 24 h as described above and washed twice
with PBS. The cells were then detached from the
culture dishes utilizing a 0.05% trypsin and 0.5 mM
EDTA solution, and the detachment was quenched
with soybean trypsin inhibitor (0.05 mg/ml). Subse-
quently, 0.4% (w/v) trypan blue solution (500 ml) was
added to the cell suspension and the cells were
counted on a hemocytometer under optical micro-
scopy, while keeping a separate count of the blue cells.
Cells failing to exclude the dye were considered non-
viable; the data are expressed as the percentage of
viable cells.

Bromodeoxyuridine and Oct4 double labeling. For
double-labeling experiments, ES cells were synchron-
ized in the G0/G1 phase (by serum starvation for 24 h)
and subsequently incubated with 10–8 M PGE2 for
24 h. Cells were then given 15 mM BrdU for an
additional 1 h. After several washes with PBS, the cells
were fixed in acidic alcohol and processed for Oct4
staining prior to BrdU staining as follows: The fixed
cells were incubated with rabbit anti-Oct4 (1:100,
Santa Cruz Biotechnology) followed by Alexa Fluor
555 anti-rabbit IgG (1:100, Molecular Probes), each
for 1 h at room temperature. After probing, cells were
incubated in 1 N HCl, neutralized with 0.1 M sodium
tetraborate, and incubated with Alexa Fluor 488-
conjugated mouse anti-BrdU for 1 h at room temper-
ature. After washing with PBS, the BrdU/Oct-4
stained cells were examined under confocal micro-
scopy (Fluoview 300; Olympus; Hamburg, Germany).

RNA isolation and reverse transcription-polymerase
chain reaction. Total RNA was extracted from mouse
ES cells using STAT-60, which is a monophasic
solution of phenol and guanidine isothiocyanate
purchased from Tel-Test, Inc. (Friendswood, TX,
http://www.bioresearchonline.com). Reverse tran-
scription was carried out using 3 mg of RNA using a
reverse transcription system kit (AccuPower RT
PreMix, Bioneer, Daejeon, Korea, http://www.bio-
neer.com) with the oligo(dT)18 primers. Five ml of the
RT products was then amplified using a polymerase
chain reaction (PCR) kit (AccuPower PCR PreMix)

under the following conditions: denaturation at 94 8C
for 5 min and 30 cycles at 94 8C for 45 s, 55 8C for 30 s,
and 72 8C for 30 s, followed by 5 min of extension at
72 8C. The primers used were 5�-CGTGAGACTTTG-
CAGCCTGA-3� (sense), 5�-GGCGATGTAAGT-ACHTUNGTRENNUNGGATCTGCTG-3� (antisense) for Oct4 (519 base
pair [bp]); 5�-TCTTACATCGCGCTCATCAC-3�
(sense), 5�- TCTTGACGAAGCAGTCGTTG-3� (an-
tisense) for FOXD3 (171 bp); 5�-GTGGAAACTT-ACHTUNGTRENNUNGTTGTCCGAGAC-3� (sense), 5�-TGGAGTGGGA-ACHTUNGTRENNUNGGGAAGAGGTAAC-3� (antisense) for SOX2 (550
bp); 5�-GTGCCAAGGGTGGTCCAA-3� (sense), 5�-
AACCACTGTGCCGGGAACTA-3� (antisense) for
EP1 (550 bp) ; 5�-TGCGCTCAGTCCTCTGTTGT-3�
(sense), 5�-TGGCACTGGACTGGGTAGAAC-3�
(antisense) for EP2 (654bp); 5�-TCAGATGTCG-ACHTUNGTRENNUNGGTTGAGCAATG-3� (sense), 5�-AGCCAGGC-
GAACTGCAATTA-3� (antisense) for EP3 (382bp);
5�-ACGTCCCAGACCCTCCTGTA-3� (sense), 5�-
CGAACCTGGAAGCAAATTCC-3� (antisense) for
EP4 (435bp) and 5’-AACCGCGAGAAGATGACC-
CAGATCATGTTT-3’ (sense), and 5’-AGCAGCCG-ACHTUNGTRENNUNGTGGCCATCTCTTGCTCGAAGTC-3’ (antisense)
for b-actin (350bp), which was used as a control for
the quantity of RNA.

Real time-polymerase chain reaction. Total RNA was
extracted from cells treated with each of the desig-
nated agents using STAT-60, a monophasic solution of
phenol and guanidine isothiocyanate (Tel-Test, Inc.;
Friendswood, TX). Real-time quantification of RNA
targets was performed in a Rotor-Gene 6000 real-time
thermal cycling system (Corbett Research; NSW,
Australia) using a QuantiTect SYBR Green RT-PCR
kit (QIAGEN; Valencia, CA). We used the same
primers as those used for the RT-PCR. The reaction
mixture (20 ml) contained 200 ng of total RNA, 0.5 mM
of each primer, and the amounts of enzymes and
fluorescent dyes recommended by the supplier. The
Rotor-Gene 6000 cycler was programmed as follows:
30 min at 50 8C for reverse transcription; 15 min at
95 8C for DNA polymerase activation; 15 s at 95 8C
for denaturing; and 45 cycles as follows: 15 s at 94 8C,
30 s at 55 8C, and 30 s at 72 8C. Data was collected
during the extension step (30 s at 72 8C) and analyzed
using the software provided by the manufacturer.
Following PCR, melting curve analysis verified the
specificity and identity of the PCR products.

Preparation of cytosolic and total membrane frac-
tions. The cytosolic and total membrane fractions
were prepared using a slight modification of the
method reported by Mackman et al. [28]. The
medium was removed and replaced with serum-free
DMEM including all the supplements contained in
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the LIF for 12 h prior to the experiments. After
removing the medium, the cells were washed twice
with ice-cold PBS, scraped, harvested by microcen-
trifugation, and resuspended in buffer A (137 mM
NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl, 1.5 mM
KH2PO4, 2.5 mM EDTA, 1 mM dithiothreitol, 0.1
mM phenylmethylsulfonyl fluoride, 10 mg/ml leupep-
tin, 0.5 mM sodium orthovanadate, pH 7.5). The
resuspended cells were then mechanically lysed on
ice by trituration with a 21.1-gauge needle. The cell
lysates were initially centrifuged at 1000 g for 10 min
at 4 8C. The supernatants were collected and centri-
fuged at 100 000 g for 1 h at 4 8C to prepare the
cytosolic and total particulate fractions. The super-
natant (cytosolic fraction) was then precipitated with
five volumes of acetone, incubated on ice for 5 min,
and centrifuged at 20 000 g for 20 min at 4 8C. The
resulting pellet was resuspended in buffer A con-
taining 1 % (vol/vol) Triton X-100. The particulate
fractions containing the membrane fraction were
washed twice and resuspended in buffer A containing
1 % (vol/vol) Triton X-100.

p44/42 MAPK siRNA transfection. Cells were grown
to 75 % confluence in each dish and were transfected
for 24 h with either a SMARTpool of siRNA specific
for p44 and p42 MAPK (100 nmol/L) or a non-
targeting siRNA as a negative control (100 nmol/L;
Dharmacon, Inc.) using Lipofectamine 2000 (Invitro-
gen), according to the manufacturer�s instructions.

Western blot analysis. Cells were harvested, washed
twice with PBS, and lysed with buffer (20 mM Tris [pH
7.5], 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
1 mg/ml aprotinin, and 1 mM phenylmethylsulfonyl-
fluoride) for 30 min on ice. The lysates were then
cleared by centrifugation (15 000 rpm at 4 8C for
10 min). Protein concentration was determined by the
Bradford method [29]. Equal amounts of protein
(20 mg) were resolved by electrophoresis on 10 %
SDS-PAGE and transferred to polyvinylidene fluo-
ride membrane. After the blots were washed with
TBST (10 mM Tris-HCl [pH 7.6], 150 mM NaCl, and
0.05% Tween-20), the membranes were blocked with
5 % skimmed milk for 1 h and incubated with an
appropriate primary antibody at the dilution recom-
mended by the supplier. The membrane was then
washed and primary antibodies were detected with
horseradish peroxidase-conjugated secondary anti-
body. The bands were then visualized by enhanced
chemiluminescence (Amersham Pharmacia Biotech,
Buckinghamshire, UK).

Fluorescence-activated cell sorting (FACS) analysis.
The cells were incubated under PGE2-treated con-

ditions for 24 h. They were then dissociated in trypsin/
EDTA, pelleted by centrifugation, and resuspended at
approximately 106 cells/ml in PBS containing 0.1%
BSA. The cells were then fixed in 70 % ice-cold
ethanol, followed by incubation in freshly prepared
nuclei staining buffer (250 mg/ml propidium iodide
[PI] and 100 mg/ml RNase) for 30 min at 37 8C. Cell
cycle histograms were generated after analyzing the
PI-stained cells by flow cytometry (Beckman Coulter,
Fullerton, CA). At least 104 events were recorded for
each sample. The samples were analyzed using CXP
software (Beckman Coulter).

Statistical analysis. The results are expressed as means
� standard errors (S.E.). All experiments were
analyzed by ANOVA, followed in some experiments
by a comparison of treatment means with the control
using the Bonferroni-Dunn test. Differences were
considered statistically significant when p < 0.05.

Result

Effect of PGE2 on cell proliferation. The undiffer-
entiated state of the mouse ES cells used in this
experiment was confirmed by examining the expres-
sion of undifferentiated stem cell markers, including
the alkaline phosphatase activity, carbohydrate epit-
ope stage-specific embryonic antigen-1 (SSEA-1)
expression and Oct-4, SOX-2, and FOXD-3 expres-
sion. As shown in Figure 1A and B, mouse ES cells in
both the presence and the absence of PGE2 main-
tained alkaline phosphatase enzyme activity and
expressed SSEA-1, which was detected by immuno-
fluorescent staining. In this study, mouse ES cells
treated with PGE2 expressed Oct-4, SOX-2, and
FOXD-3 mRNA (Fig. 1C). In addition, we observed
Oct-4 and Nanog protein expression (Fig. 1D) equiv-
alent to that in control cells after treating the cells with
PGE2 (10–8 M) for 24 h. Therefore, these results
suggest that the mouse ES cells maintained the
undifferentiated state under the experimental condi-
tions used in this study.
The effect of PGE2 on cell proliferation was examined
by treating mouse ES cells with 10–8 M PGE2 for
various time periods (0 –24 h) or with various doses
(0-10–6 M) for 24 h. As shown in Figure 2A, the
maximum increase in the level of [3H]-thymidine
incorporation was observed after an 8 h incubation
with 10–8 M PGE2 (77 % increase compared to the
control; p < 0.05). PGE2, at �10–9 M, also increased
the level of [3H]-thymidine incorporation in a dose-
dependent manner over a 24 h incubation period
(Fig. 2B). Cell cycle regulatory protein (CDK2, cyclin
E, CDK4, and cyclin D1) levels were also significantly
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increased, but the p21cip1/waf1 and p27kip1 levels de-
creased in response to 10–8 M PGE2 (Fig. 2C). To more
precisely analyze the effects of PGE2, we analyzed the
cell population by flow cytometry. As shown in Figure
2D, PGE2 increased the percentage of the cell
population in S phase to 33 % as compared to the
control. To determine if PGE2 exerts its growth-
promoting effect on undifferentiated ES cells, double
labeling for Oct-4 and BrdU expression was per-
formed. In these experiments, the ES cell population
contained more than 90 % undifferentiated (Oct-4-
positive) cells. The observed effect reflects a role for
PGE2 in proliferation of mouse ES cells, not in
spontaneously differentiated progeny (Fig. 2E). Fi-
nally, a significant increase in the number of cells was
observed in a dose-dependent manner over a 24 h
incubation period (Fig. 2F).

Involvement of PGE2 receptor-dependent PKC acti-
vation. In order to examine the role of E-type
prostaglandin (EP) receptors and the related path-
ways in PGE2-induced cell proliferation, we deter-
mined whether PGE2 induced the expression of EP
receptors and cell cycle regulatory proteins in mouse
ES cells. As seen in Figure 3A and B, the treatment of
PGE2 (10–8 M) increased the mRNA expression of
EP1 and EP2 in RT-PCR and real-time PCR analysis.
In addition, pretreatment with SC 51322 (10–6 M, an
EP1 receptor selective antagonist) significantly
blocked the PGE2-induced increase in expression of
cell cycle regulatory proteins (Fig. 3C). As shown in
Figure 3D and E, SC 51322 reduced the PGE2-induced
increase in [3H]-thymidine incorporation and the
percentage of cells in S phase.

In order to examine the role of the PKC pathway in
PGE2-induced cell proliferation via EP1, we assessed
whether PGE2 induced the phosphorylation of pan-
PKC in mouse ES cells. As seen in Figure 4A, PGE2

increased in phosphorylated pan-PKC at 30 min. In
addition, PKC a translocated from cytosolic to
membrane fraction in response to PGE2 for 30 min
(Fig. 4B). As shown in Figure 4C, SC 51322 reduced
the PGE2-induced phosphorylation of pan-PKC. To
further interpret its related signal pathway, we exam-
ined the effects of PKC on the PGE2-induced increase
in expression of cell cycle regulatory proteins and
[3H]-thymidine incorporation. Mouse ES cells were
pretreated with bisindolylmaleimide I and staurospor-
ine (10–6 M, PKC inhibitors) prior to PGE2 treatment.
As shown in Figure 4D, E and F, bisindolylmaleimide I
and staurosporine reduced the PGE2-induced in-
crease in expression of cell cycle regulatory proteins,
[3H]-thymidine incorporation, and the percentage of
cells in S phase.

Involvement of EGF receptor transactivation. In-
volvement of EGF receptor transactivation in PGE2-
induced increase of cell proliferation was examined.
As seen in Figure 5A, EGF receptor phosphorylation
increased 5 to 15 min after PGE2 treatment. In
addition, pretreatment with AG 1478 (10–6 M, an
EGF receptor specific inhibitor) significantly blocked
the PGE2-induced increase in expression of cell cycle
regulatory proteins (Fig. 5B), [3H]-thymidine incor-
poration (Fig. 5C), and percentage of cells in S phase
(Fig. 5D). The effect of PGE2 on the levels of
phosphorylation of Src proteins, which are believed
to be essential factors in EGF receptor transactiva-

Figure 1. Effect of PGE2 on
mouse ES cell characteristics.
(A) Alkaline phosphatase (AP)
enzyme activity and (B) immu-
nofluorescence staining with
mouse stage-specific embryonic
antigen-1 (SSEA-1) were as-
sessed in mouse ES cells treated
in the presence or absence of
PGE2 (10 ng/ml) for 24 h as de-
scribed in Materials and meth-
ods. The scale bars represent
20 mm (magnification �400). (C)
Oct-4 (519 bp), SOX-2 (550 bp),
FOXD-3 (171 bp), and b-actin
(350 bp) mRNA expression lev-
els in the presence or absence of
PGE2. (D) Effect of PGE2 on
Oct-4, Nanog, and b-actin pro-
tein expression levels. Bands rep-
resent 50–60 kDa Oct-4, 35 kDa
Nanog, and 41 kDa b-actin, re-
spectively.
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tion, was examined in order to confirm the effect of
PGE2 on mouse ES cell proliferation. Phosphoryla-
tion of Src increased in response to PGE2 for 60 min
(Fig. 5E) and its effect was inhibited by SC 51322
(Fig. 5F). Also, PP2 (10–6 M, a Src inhibitor) reduced
PGE2-induced phosphorylation of EGF receptor
(Fig. 5G) and blocked the PGE2-induced increase in
expression of cell cycle regulatory proteins (Fig. 5H),
[3H]-thymidine incorporation (Fig. 5I), and percent-
age of cells in S phase (Fig. 5D).
In order to examine the role of the PI3K/Akt pathway
in PGE2-induced cell proliferation, we determined

whether PGE2 induced the phosphorylation of Akt in
mouse ES cells. As seen in Figure 6A, Western blot
analysis revealed an increase in phosphorylated-
Aktthr308 and -Aktser473 at 15 to 30 min after PGE2

treatment. PGE2-induced phosphorylation of Akt
was attenuated by pretreating the cells with AG
1478 and LY 294002 (10–6 M, a PI3K inhibitor)
(Fig. 6B). Also, to confirm the involvement of EGF
receptor-mediated PI3K/Akt in the PGE2-induced
cell proliferation, we examined the effects of the
PI3K/Akt pathway on the PGE2-induced increase in
expression of cell cycle regulatory proteins and [3H]-

Figure 2. Effects of PGE2 on mouse ES cell proliferation. Time (A) and dose (B) response of PGE2 on [3H]-thymidine incorporation. Mouse
ES cells were treated with PGE2 for various times (0 to 24 h) or with different doses of PGE2 (0-10–6 M) for 24 h and subsequently pulsed
with 1 mCi of [3H]-thymidine for 1 h. Values are means� S.E. of five independent experiments with triplicate dishes. *P< 0.05 vs. control.
(C) Effect of PGE2 on expression of cell cycle regulatory proteins. Total lysates of mouse ES cells treated with PGE2 for 24 h were subjected
to SDS-PAGE and blotted with CDK2, cyclin E, CDK4, cyclin D1, p21cip1/waf1 and p27kip1 antibodies. The example shown is a representative
of four independent experiments. (D) FACS data for the mouse ES cell, which were treated with PGE2 (10–8 M) for 12 h. The cells were
washed with PBS, fixed, stained, and analyzed by flow cytometry. The gates were configured manually to determine the percentage of cells
in the G1, S, and G2 phases based on the DNA content. The values represent the mean� S.E. of five independent experiments. *P< 0.05 vs.
S phase of control. (E) Mouse ES cells were incubated with PGE2 (10–8 M) for 24 h and double-labeled with BrdU and Oct-4 antibody. The
scale bars represent 20 mm (magnification �400). (F) Mouse ES cells were treated with PGE2 (0-10–10 M) for 2 h, and the number of cells was
counted using a hemocytometer. The values represent mean � S.E. of four independent experiments with triplicate dishes. *P < 0.05 vs.
control.
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thymidine incorporation. Mouse ES cells were pre-
treated with LY 294002 and Akt inhibitor (10–5 M)
prior to PGE2 treatment. As shown in Figure 6C, D
and E, LY 294002 and Akt inhibitor reduced the
PGE2-induced increase in expression of cell cycle
regulatory proteins, [3H]-thymidine incorporation,
and percentage of cells in S phase.

Effect of PGE2 on p44/42 MAPK activation and
proliferation. The role of the MAPK pathway in
PGE2-induced cell proliferation was examined by
Western blot analysis. As seen in Figure 7A, the
phosphorylation of p44/42 MAPK occurred in re-
sponse to PGE2. Maximum phosphorylation of p44/42
MAPK appeared 30 min following PGE2 treatment.

Figure 3. PGE2 increases proliferation in mouse ES cells via EP receptors expression. Mouse ES cells were incubated with PGE2 (10–8 M)
for 12 h. (A) Total RNA from mouse ES cells was reverse-transcribed, and EP receptor cDNAs were amplified by polymerase chain
reaction as described in Materials and methods. The example shown is a representative of five independent experiments. (B) The mRNA
expression of EP1, EP2, EP3, and EP4 was measured in mouse ES cells using real-time PCR. The values are reported as the mean� S.E. of
five independent experiments. *P < 0.05 vs. control. (C) The cells were pretreated with SC 51322 (10–6 M , an EP1 receptor-selective
antagonist) for 30 min prior to PGE2 treatment for 12 h. Total protein was extracted and blotted CDK2, cyclin E, CDK4, or cyclin D1, or b-
actin antibodies. Each example shown is a representative of four independent experiments. (D) The cells were pretreated with SC 51322 for
30 min prior to PGE2 treatment for 12 h and then with 1 mCi of [3H]-thymidine for 1 h prior to counting. The values represent the mean�
S.E. of five independent experiments with triplicate dishes. *P< 0.05 vs. control, **P< 0.05 vs. PGE2 alone. (E) FACS data for mouse ES
cells that were pretreated with SC 51322 before the 12 h PGE2 treatment. The cells were washed with PBS, fixed, stained, and analyzed by
flow cytometry. The gates were configured manually to determine the percentage of cells in the G1, S, and G2 phases based on DNA
content. The values represent the mean� S.E. of five independent experiments. *P< 0.05 vs. S phase of control, **P< 0.05 vs. PGE2 alone.
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Figure 4. Involvement of PKC pathways in cell proliferation by PGE2. (A) Mouse ES cells were incubated with PGE2 (10–8 M) for 0–
120 min and then harvested. Total protein was extracted and blotted with antibody against phospho-pan-PKC. Western blot analysis
showed that phosphorylated pan-PKC was increased 30 min after PGE2 treatment. Each example shown is a representative of five
independent experiments. The lower part of (A) depicting the bars denotes the mean � S.E. of five independent experiments for each
condition determined from densitometry relative to b-actin. * P< 0.05 vs. control. (B) Mouse ES cells were stimulated with PGE2 (10–8 M)
for 30 min, and then total proteins were extracted for detection of translocation of PKC isoforms. Only PKC a was translocated by PGE2

treatment. Each example shown is a representative of seven independent experiments. The lower part of (B) depicting the bars denotes the
mean� S.E. of seven independent experiments for each condition determined from densitometry relative to b-actin. * P< 0.05 vs. cytosolic
control, # P < 0.05 vs. membrane control. (C) Mouse ES cells were treated with PGE2 in the presence or absence of SC 51322 (10–6 M, an
EP1 receptor-selective antagonist), resulting in significant inhibition of PGE2-induced phospho-pan PKC. Each example shown is a
representative of four independent experiments. The lower part of (C) depicting the bars denotes the mean � S.E. of four independent
experiments for each condition determined from densitometry relative to b-actin. * P< 0.05 vs. control, ** P< 0.05 vs. PGE2 alone. (D) The
cells were pretreated with bisindolylmaleimide I and staurosporine (10–6 M, PKC inhibitors) for 30 min prior to PGE2 treatment for 12 h.
Total protein was extracted and blotted with CDK2, cyclin E, CDK4, cyclin D1, or b-actin antibodies. Each example shown is
representative of four independent experiments. (E) Cells were pretreated with bisindolylmaleimide I and staurosporine for 30 min prior
to PGE2 treatment for 12 h and then with 1 mCi of [3H]-thymidine for 1 h prior to counting. The values represent the mean � S.E. of five
independent experiments with triplicate dishes. *P< 0.05 vs. control, **P< 0.05 vs. PGE2 alone. (F) FACS data for mouse ES cells that were
pretreated with bisindolylmaleimide I and staurosporine before the 12 h PGE2 treatment. The cells were washed with PBS, fixed, stained,
and analyzed by flow cytometry. The gates were configured manually to determine the percentage of cells in the G1, S, and G2 phases based
on DNA content. The values represent the mean � S.E. of five independent experiments. *P < 0.05 vs. S phase of control, **P < 0.05 vs.
PGE2 alone.

1610 S. P. Yun et al. Effect of PGE2 on mESCs proliferation



Next, we observed the interaction between MAPK
and PKC/PI3K. PGE2-induced phosphorylation of
p44/42 MAPK was attenuated by pretreating the cells
with bisindolylmaleimide I, staurosporine (PKC in-
hibitors) (Fig. 7B) and Akt inhibitor (Fig. 7C). To

further elucidate the involvement of p44/42 MAPK in
the E2-induced cell proliferation, the mouse ES cells
were transfected with a pool of p44 and 42 MAPK
specific siRNA (100 nmol/L) or non-targeting siRNA
(100 nmol/L) prior to PGE2 treatment. p44 and p42

Figure 5. PGE2-induced proliferation requires transactivation of EGF receptor. (A) Mouse ES cells were incubated in the presence of
PGE2 (10–8 M) for varying periods of time (0–120 min) and then harvested. Total protein was extracted and blotted with antibody against
phosphorylated EGF receptor. Each of the examples shown is a representative of five independent experiments. (B) The cells were
pretreated with AG 1478 (10–6 M, an EGF receptor specific inhibitor) for 30 min prior to PGE2 treatment for 12 h. Total proteins were
extracted and blotted with CDK2, cyclin E, CDK4, cyclin D1, or b-actin antibodies. Each example shown is a representative of seven
independent experiments. The right part of (B) depicting the bars denotes the mean � S.E. of seven independent experiments for each
condition determined from densitometry relative to b-actin. * P< 0.05 vs. control, ** P< 0.05 vs. PGE2 alone. (C) The cells were pretreated
with AG 1478 for 30 min prior to PGE2 treatment for 12 h and then with 1 mCi of [3H]-thymidine for 1 h prior to counting. The values
represent the mean � S.E. of five independent experiments with triplicate dishes. *P < 0.05 vs. control, **P < 0.05 vs. PGE2 alone. (D)
FACS data for mouse ES cells that were pretreated with PP2 (10–6 M, a Src inhibitor) and AG 1478 before the 12 h PGE2 treatment. The
cells were washed with PBS, fixed, stained, and analyzed by flow cytometry. The gates were configured manually to determine the
percentage of cells in the G1, S, and G2 phases based on DNA content. The values represent the mean � S.E. of four independent
experiments. *P < 0.05 vs. S phase of control, **P < 0.05 vs. PGE2 alone. (E) Mouse ES cells were incubated in the presence of PGE2

(10–8 M) for varying periods of time (0–60 min) and then harvested. Total proteins were extracted and blotted with antibody against Src.
Each of the examples shown is representative of five independent experiments. (F) Mouse ES cells were treated with PGE2 in the presence
or absence of SC 51322 (10–6 M, an EP1 receptor-selective antagonist), resulting in significant inhibition of PGE2-induced Src
phosphorylation. Each example shown is representative of five experiments. (G) Mouse ES cells were treated with PGE2 in the presence or
absence of PP2, resulting in significant inhibition of PGE2-induced EGF receptor phosphorylation. Each example shown is representative
of five experiments. The lower part of (A, E, F, and G) depicting the bars denotes the mean� S.E. of five independent experiments for each
condition determined from densitometry relative to b-actin. * P< 0.05 vs. control, ** P< 0.05 vs. PGE2 alone. (H) The cells were pretreated
with PP2 for 30 min prior to PGE2 treatment for 12 h. Total proteins were extracted and blotted with CDK2, cyclin E, CDK4, or cyclin D1,
or b-actin antibodies. Each example shown is representative of seven independent experiments. The right part of (H) depicting the bars
denotes the mean� S.E. of seven independent experiments for each condition determined from densitometry relative to b-actin. * P< 0.05
vs. control, ** P< 0.05 vs. PGE2 alone. (I) The cells were pretreated with PP2 for 30 min prior to PGE2 treatment for 12 h and then with 1
mCi of [3H]-thymidine for 1 h prior to counting. The values represent the mean� S.E. of five independent experiments with triplicate dishes.
*P < 0.05 vs. control, **P < 0.05 vs. PGE2 alone.
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specific siRNA reduced the PGE2-induced increase in
p44/42 MAPK expression (Fig. 7D). In addition, as
shown in Figures 7E, F and G, p44 and 42 MAPK
specific siRNA reduced the PGE2-induced increase in
expression of cell cycle regulatory proteins, [3H]-
thymidine incorporation, and percentage of cells in S
phase.

Discussion

The results of our study demonstrate that PGE2

stimulates proliferation of mouse ES cells which is
mediated by MAPK via EP1 receptor-dependent
PKC and EGF receptor-dependent PI3K/Akt signal-
ing pathways in mouse ES cells. The effect of PGE2

was measured at 10–10 M-10–6 M concentrations,

Figure 6. Effect of PGE2 on Akt activation and cell proliferation. (A) Mouse ES cells were treated with PGE2 (10–8 M) for different time
periods (0–120 min). The phosphorylation of Akt Thr308 and Ser473 were detected as described in Materials and methods. Each example
shown is a representative of four experiments. (B) Mouse ES cells were treated with PGE2 in the presence or absence of AG 1478 (10–6 M,
an EGF receptor specific inhibitor) and LY 294002 (10–6 M, a PI3K inhibitor), resulting in significant inhibition of PGE2-induced Akt
phosphorylation. Each example shown is representative of four independent experiments. (C) The cells were pretreated with LY 294002 or
Akt inhibitor (10–5 M) for 30 min prior to PGE2 treatment for 12 h. Total proteins were extracted and blotted with CDK2, cyclin E, CDK4,
cyclin D1, or b-actin antibodies. Each example shown is a representative of five independent experiments. (D) The cells were pretreated
with LY 294002, or Akt inhibitor for 30 min prior to treatment with PGE2 (10–8 M) for 12 h and then with 1 mCi of [3H]-thymidine for 1 h.
The values represent the mean � S.E. of five independent experiments with triplicate dishes. *P < 0.05 vs. control, **P < 0.05 vs. PGE2

alone. (E) FACS data for mouse ES cells that were pretreated with LY 294002 and Akt inhibitor before the 12 h PGE2 treatment. The cells
were washed with PBS, fixed, stained, and analyzed by flow cytometry. The gates were configured manually to determine the percentage of
cells in the G1, S, and G2 phases based on DNA content. The values represent the mean� S.E. of five independent experiments. *P< 0.05
vs. S phase of control, **P < 0.05 vs. PGE2 alone.

1612 S. P. Yun et al. Effect of PGE2 on mESCs proliferation



Figure 7. Effect of PGE2 on p44/42 MAPK activation and cell proliferation. (A) Mouse ES cells were treated with PGE2 (10–8 M) for 0–
120 min. Total proteins were extracted for detection with phospho-p44/42 MAPK and total-p44/42 MAPK antibodies. Each example
shown is representative of five experiments. (B) The cells were pretreated with bisindolylmaleimide I and staurosporine (10–6 M, PKC
inhibitors) for 30 min prior to treatment with PGE2 for 30 min and the total lysates were subjected to SDS-PAGE and blotted with
phospho-p44/42 MAPK and total-p44/42 MAPK antibodies. Each example shown is a representative of five independent experiments. (C)
The cells were pretreated with Akt inhibitor (10–5 M) for 30 min prior to treatment with PGE2 for 30 min and the total lysates were
subjected to SDS-PAGE and blotted with phospho-p44/42 MAPK and total-p44/42 MAPK antibodies. Each example shown is a
representative of five independent experiments. (D) The mouse ES cells were transfected for 48 h with either a SMARTpool of p44 and p42
MAPKs siRNA (200 pmol/L) or a non-targeting control siRNA (200 pmol/L) using LipofectAMINE 2000 before the 1 h PGE2 treatment,
and then p44/42 MAPK expression was analyzed using Western blot. Each of the examples shown is representative of five independent
experiments. The lower part of (A, B, C, and D) depicting the bars denotes the mean � S.E. of five independent experiments for each
condition determined from densitometry relative to total-p44/42 MPAK. * P< 0.05 vs. control, ** P< 0.05 vs. PGE2 alone. (E) The mouse
ES cells were transfected for 48 h with either a SMARTpool of p44 and p42 MAPKs siRNA (200 pmol/L) or a non-targeting control siRNA
(200 pmol/L) using LipofectAMINE 2000 before the 1 h PGE2 treatment, and then total protein was extracted and blotted with CDK2,
cyclin E, CDK4, cyclin D1, or b-actin antibodies. Each example shown is a representative of four independent experiments. (F) Mouse ES
cells were transfected for 48 h with either a SMARTpool of p44 and p42 MAPKs siRNA (200 pmol/L) or a non-targeting control siRNA
(200 pmol/L) using LipofectAMINE 2000 before the 1 h PGE2 treatment for 12 h, and then with 1mCi of [3H] thymidine for 1 h prior to
counting. The values represent the mean� S.E. of five independent experiments with triplicate dishes. *P< 0.05 vs. control, **P< 0.05 vs.
PGE2 alone. (G) FACS data for the mouse ES cells, which were pretreated with p44 and p42 MAPKs siRNA before the 12 h E2 treatment.
The cells were washed with PBS, fixed, stained, and analyzed by flow cytometry. The gates were configured manually to determine the
percentage of cells in the G1, S, and G2 phases based on the DNA content. The values represent the mean � S.E. of five independent
experiments. *P < 0.05 vs. S phase of control, **P < 0.05 vs. PGE2 alone.
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representing physiological conditions, although the
normal serum concentration of PGE2 depends on the
species to some extent [30]. Our findings strongly
suggest that PGE2 plays a pivotal role in stimulating
cell proliferation. In general, the primary action of
PGE2 is mediated by the EP receptors: EP1, EP2, EP3
and EP4 [14, 31 –35]. EP1 receptors activate phos-
pholipase C and phosphatidylinositol turnover and
stimulate the release of intracellular calcium [36].
Moreover, PGE2 has recently been reported to
enhance the MAPKs pathway through EP1 receptor,
calcium, and EGF receptor signaling in human
cholangiocarcinoma cells [14]. Therefore, we first
examined the correlation between the effect of PGE2

and EP receptors. Among the EP receptors examined,
EP1 receptor had the highest mRNA expression level.
This suggests a major potential role for this receptor in
the regulation of mouse ES cell proliferation in
conjunction with PGE2 although there is the possibil-
ity that the EP2 receptor is also involved in a
proliferative effect of PGE2, since EP2 mRNA level
is up-regulated and that the EP1 antagonist did not
completely bring proliferation back down to control
level. Furthermore, SC 51322 (an EP1 selective
antagonist) decreased the expression of cell cycle
regulatory proteins, as well as [3H]-thymidine incor-
poration, and the percentage of cells in the S phase.
Therefore, our data strongly suggest that EP1 plays an
important role in the effect of PGE2 in mouse ES cells.
Various reports have suggested that PGE2 interacts
with cell surface binding sites (EP1) and induces
phosphorylation of PKC [37, 38]. The present study
suggests that PGE2 is linked to the activation of the
EP1-mediated PKC pathway in mouse ES cells. For
that reason, we hypothesized that EP1 is linked to the
phosphorylation of PKC and proliferation in mouse
ES cells. We observed that PKC translocates from the
cytosol to the membrane fraction. We identified that
only PKC a was activated in response to PGE2. We
also observed the effect of SC 51322 on PGE2-induced
phosphorylation of PKC. Furthermore, bisindolyma-
leimide I and staurosporine (PKC inhibitors) de-
creased the expression of cell cycle regulatory pro-
teins, as well as the [3H]-thymidine incorporation and
the percentage of cells in the S phase. These results
suggest that PKC activation plays an important role in
PGE2-induced mouse ES cell proliferation.
In our previous study, we reported that EGF leads to
increased protein levels of CDKs and [3H]-thymidine
incorporation in proliferating mouse ES cells [37, 39].
Generally, GPCRs can transactivate EGF receptor
through several mechanisms, including extracellular
release of EGFand other EGF-like ligands or through
intracellular molecules including Src-family tyrosine
kinases and the inhibitory effects of reactive oxygen

species on EGF receptor-specific phosphatases [23,
40, 41]. The present data show that treating mouse ES
cells with PGE2 leads to phosphorylation of Src and
EGF receptor in a time-dependent manner. Further-
more, the phosphorylation of Src and EGF receptor
was decreased by SC 51322 and PP2 in mouse ES cells.
Likewise, our results indicate that the expression
levels of CDK 2, cyclin E, CDK 4, and cyclin D1 as
well as the [3H]-thymidine incorporation and the
percentage of cells in S phase are decreased by the
inhibition of these pathways with PP2 and AG 1478.
This finding suggests that the EP1-mediated EGF
receptor transactivation signaling pathway is involved
in the mechanisms of PGE2-induced cell proliferation
in mouse ES cells and offers new hints for alternative
strategies to regulate proliferation, such as the use of
compounds targeting the EGF receptor signaling
cascade.

In general, p44/42 MAPK is involved in various
cellular processes, including mitogenic signaling [42 –
44]. Previous studies have demonstrated that the
PGE2-induced phosphorylation of p44/42 MAPK in
human cholangiocarcinoma cells is mediated by EP1
[14]. Phosphorylation of PKC and Akt by this
mechanism results in phosphorylation of p44/42
MAPK and stimulation of downstream anti-apoptotic

Figure 8. The hypothetical model for the proposed signaling
network involved in PGE2-induced ES cells proliferation. PGE2

activates EP1 receptor, which increases PKC activity as well as
phosphorylation of EGFR via Src. EP1 receptor-dependent PKC
and EGF receptor-dependent PI3K/Akt signaling pathways stimu-
lated p44/42 MAPK activity, which increased cyclin E/CDK2 and
cyclin D1/CDK4 protein expression levels. PGE2, Prostaglandin
E2; EP1, E-type prostaglandin receptor 1; EGFR, epidermal
growth factor receptor; PI3K, phosphatidylinositol 3-kinase; p44/
42 MAPK, p44/42 mitogen-activated protein kinase; CDK, cyclin-
dependent kinase.
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signaling [31, 45]. Thus, we hypothesized that PKC
and PI3K/Akt are linked to activation of the MAPK
pathway and proliferation in mouse ES cells. In the
present study, the activation of p44/42 MAPK by
PGE2 was blocked by PKC inhibitors, indicating that
PGE2 regulated p44/42 MAPK activity through the
PKC pathway. The present data show that treating
mouse ES cells with PGE2 led to phosphorylation of
Akt at the Thr308 and Ser473 sites and of p44/42 MAPK
in a time-dependent manner. The activation of Akt by
PGE2 was blocked by AG 1478 (an EGF receptor
specific inhibitor), and LY 294002 and Akt inhibitor
prevented PGE2-induced p44/42MAPK phosphoryla-
tion. In addition, PGE2-induced phosphorylation of
p44/42 MAPK led to activation of CDKs in human
prostate cancer cell lines [24]. Furthermore, in human
thyroid tumor cells, p44/42 MAPK inhibitor prevent-
ed EGF-induced stimulation of cyclin D1, which is an
important intermediate in inducing the cell cycle
cascade [46]. In the present study, we demonstrated
that PGE2-induced stimulation of cell cycle regulatory
proteins, [3H]-thymidine incorporation, and the per-
centage of cells in the S phase was blocked by LY
294002, Akt inhibitor and p44/42 MAPK-specific
siRNA transfection. These results suggest that the
activation of p44/42 MAPK plays a critical role in
PGE2-induced proliferation of mouse ES cells (Fig. 8).
The discovery of the role played by PGE2 in stimulat-
ing ES cells proliferation, together with the other
results shown in this study, represent a significant
advance in our knowledge of how ES cell pluripotency
is maintained by PGE2 and can be applied to the
development of increasingly chemically defined ES
cell culture systems. In conclusion, PGE2-stimulated
proliferation is mediated by MAPK via EP1 receptor-
dependent PKC and EGF receptor-dependent PI3K/
Akt signaling pathways in mouse ES cells.
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