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Abstract

The prostaglandin E2 (PGE2) EP4 subtype is one of four prostanoid receptors that use PGE2 as the preferred ligand. We have investigated
the agonist-mediated regulation of EP4 using a multifaceted approach. Short-term (30 min) agonist challenge of recombinant EP4 expressed
in human embryonic kidney 293 cells (EP4-HEK293 cells) with PGE2 (1 �M) resulted in the desensitization of intracellular cyclic AMP
(cAMP) accumulation and a reduction in cell surface [3H]PGE2 specific binding sites. These events correlated with sequestration of EP4,
as visualized by immunofluorescence confocal microscopy and phosphorylation, as shown by [32P]orthophosphate labeling of the receptor.
Stimulation of protein kinase A activity in EP4-HEK293 cells (10 �M forskolin or 1 mM 8-bromo-cAMP) did not induce EP4

desensitization, sequestration, or phosphorylation. In contrast, stimulation of protein kinase C activity (100 nM phorbol 12-myristate
13-acetate) attenuated PGE2-induced adenylyl cyclase activity and increased EP4 phosphorylation, but did not induce sequestration or a
reduction in [3H]PGE2 specific binding sites. EP4 receptors containing a third intracellular loop deletion [EP4 (del. 215–263)] or a
carboxyl-terminal tail truncation [EP4 (del. 355)] of EP4 were used to demonstrate that the C-terminal tail governs sequestration as well as
phosphorylation of the receptor. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

PGE2 is involved in a number of physiological and
pathophysiological events in many tissues throughout the
body. The diverse biological effects of PGE2 are mediated
through interaction with specific plasma membrane-bound
G-protein-coupled prostanoid EP receptors. The EP recep-
tors can be divided into four subtypes designated EP1, EP2,

EP3, and EP4
1 on the basis of their different pharmacolog-

ical profiles and signal transduction pathways. In particular,
activation of EP4 leads to accumulation of intracellular
cAMP ([cAMP]i) production, through interaction with a
cholera toxin-sensitive G�s [1,2].

The EP4 receptor has been cloned [3–6], and its function
is being defined further. Using EP4-deficient mice, a crucial
role for EP4 in triggering the closure of the ductus arterious
after birth has been elucidated [7]. PGE2 is a potent mod-
ulator of the immune system, and activation of EP2 and/or
EP4 stimulates isotype switching to IgE and inhibits B-cell
activation [8]. Recent evidence also suggests that the potent
anabolic effects of PGE2 in mouse and rat bone marrow are
mediated via EP4 [9,10]. In support of this hypothesis, a
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[1].
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potent and selective EP4 antagonist suppressed PGE2-me-
diated increases in trabecular bone volume in young rats
[11]. These reports illustrate the emerging importance of
EP4 and the potential for therapeutic intervention with EP4

agonists in diseases such as osteoporosis.
There are multiple potential intervention points for con-

trolling PGE2-mediated responses, including ligand produc-
tion/degradation and/or receptor regulation. Synthesis of
PGE2 occurs via constitutive cyclooxygenase (COX)-1
and/or inducible COX-2 coupled with specific PGE syn-
thases, providing exquisite points of control [12–14]. Sub-
sequently, PGE2 is cleared from the circulation by a specific
PG transporter [15] and is metabolized rapidly to 15-keto-
PGE2 and 13,14-dihydro-15-keto-PGE2, ligands with di-
minished biological activity [16]. Little is known, however,
about EP receptor regulation in response to agonists. We
have chosen to examine the agonist-induced desensitization
of the cloned human EP4 receptor [3], expressed in human
embryonic kidney cells (EP4-HEK293), in order to define
the regulation of this receptor.

Desensitization, or the attenuation of agonist-stimulated
signaling response despite the continued presence of an
agonist, has been studied in detail using the �2-AR. Recep-
tor phosphorylation by a variety of serine/threonine kinases
is one of the most rapid events to occur and is critical in
affecting receptor function by ultimately uncoupling the
agonist-occupied form of the receptor from the G-protein,
thereby limiting receptor function. Phosphorylation of the
agonist-occupied receptor by GRKs can occur minutes after
agonist stimulation. In addition, the second messenger ki-
nases such as PKA and PKC can phosphorylate the receptor
and provide a negative feedback loop from the effector.
GRK phosphorylated receptor is a substrate for �-arrestin,
which binds to the phosphorylated receptor and promotes
uncoupling of G-proteins (for reviews, see Refs. 17–20).
With its high-affinity binding to clathrin and its adaptation
into clathrin-coated vesicles, �-arrestin has also been im-
plicated in mediating endocytosis of the receptor [21].

In this report, we show that short-term agonist challenge of
EP4 results in attenuation of [cAMP]i accumulation and se-
questration of EP4, which is accompanied by phosphorylation
of the receptor. While activation of PKA does not contribute to
EP4 short-term desensitization, we show that PKC contributes
to heterologous EP4 desensitization. Furthermore, the carboxyl
(C)-terminal tail, but not the third intracellular loop of EP4,
contains the determinants responsible for desensitization, se-
questration, and phosphorylation of this prostanoid receptor.

2. Materials and methods

2.1. Materials

[35S]Methionine (1175 Ci/mmol), [32P]orthophosphoric
acid (32Pi) (285.5 Ci/mg), and Enlighten were purchased from
NEN Life Science Products. [3H]PGE2 (187 Ci/mmol) and
[125I]cAMP Scintillation Proximity Assay kits, donkey anti-

rabbit and sheep anti-mouse Ig horseradish peroxidase linked
whole antibodies, and ECL western blotting detection kits
were purchased from the Amersham Corp. FLAG-M5 anti-
body and GSH-agarose were purchased from the Sigma
Chemical Co. The Alexa™ secondary antibody conjugates
were from Molecular Probes. DMEM, Opti-MEM, penicillin/
streptomycin, GENETICIN™ (G418), sodium pyruvate, fetal
bovine serum, Enzyme-Free Cell Dissociation Buffer, and Li-
pofectAMINE™ were purchased from Life Technologies Inc.
Restriction enzymes were purchased from New England Bio-
labs. Calf intestinal alkaline phosphatase, protein A Sepharose,
and protein G Sepharose were from Pharmacia Biotech. PGE2,
RO-20174, forskolin, and 8-bromo-cAMP were purchased
from Biomol. Taq DNA polymerase, myokinase, phosphoenol
pyruvate, pyruvate kinase, leupeptin, pepstatin, bestatin, and
phorbol 12-myristate 13-acetate were from Sigma. ATP, GTP,
GTP�S, N-glycosidase F, E-64, Pefabloc�, hygromycin B, and
N-octylglucoside were from Boehringer Mannheim. The BCA
protein assay reagent and the Spinzyme PKA kit were from
Pierce. pCEP4 and pcDNA3 were from Invitrogen. Pfu I DNA
polymerase was from Stratagene, and the ABI Prism Dye
Terminator Cycle Sequencing Ready Reaction Kit was from
Perkin Elmer. Cell-Tak™ and poly-d-lysine-coated 8-well cham-
ber slides and 24-well plates were from Becton-Dickinson.

2.2. Construction of EP4 deletion mutant receptors

EP4 from pcDNA1 [3] was subcloned into pcDNA3 with
EcoRV, and orientation was verified by restriction enzyme
analysis. EP4 (del 215–263) was constructed by PCR am-
plification using primers 5�-GTCGAGCGCYACCTGGC
CATCAAC-3� (sense) and 5�-TCCCCGCGGCGTGCAT
GCGGAGCAGCGC-3� (antisense) to amplify a fragment
corresponding to nucleotides 730-1030 of the EP4 cDNA
[3] that created a novel SstII restriction site at the 3� end.
The primers 5�-TCCCCGCGGGCGCCGAGATCCAGA
TG-3� (sense) and 5�-AAGGAGCGAGAGTGGCCTG
AC-3� (antisense) were used to amplify a fragment corre-
sponding to nucleotides 1179–1530 of the EP4 cDNA [3]
that also created a novel SstII site at the 5� end. The PCR
amplification protocol was performed on a DNA thermal
cycler 480 (Perkin Elmer), using Taq polymerase and 5 ng
of pcDNA3-EP4 DNA as template, as follows: denaturation
at 94° for 60 sec, annealing at 55° for 60 sec, and extension
at 72° for 60 sec, for 30 cycles. The resulting 310 and 350
bp fragments were digested with PflMI and SstII, and SstII
and PpuMI, respectively, and isolated following electro-
phoretic separation in low-melt agarose. These fragments
were ligated together at the SstII site and subcloned into
pcDNA3-EP4, which had been digested with PflMI and
PpuMI, creating a deletion in the third intracellular loop of
EP4 of 147 bp, encompassing amino acids 215–263. The
ligation of the SstII sites resulted in an insertion of an
additional alanine residue giving the following sequence for
the third intracellular loop: RMHAAGAIE. The EP4 (del.
355) mutant was constructed by digesting pcDNA3-EP4
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with PpuMI and XbaI (in the polylinker of pcDNA3) to
remove the majority of the C-terminal tail after amino acid
355. The large fragment containing pcDNA3-EP4 was iso-
lated from low-melt agarose, and the 5� overhangs were
filled in with Klenow, followed by ligation to give the
truncation mutant at amino acid 355 and an amber stop
codon. The sequence of the deletion mutants was verified
using the ABI 373 Stretch automated sequencer. Both de-
letion mutants were subcloned into pCEP4. pcDNA3-EP4

(del. 215–263) was digested with HindIII and XhoI to re-
lease EP4 (del. 215–263), which was then subcloned into
identical sites in pCEP4. pcDNA3-EP4 (del. 355) was di-
gested with HindIII and BclI to release the 1080 bp frag-
ment of EP4 (del. 355) and 140 bp of pcDNA3 in the SP6
promoter region. This 1220 bp EP4 (del. 355) fragment was
subcloned into the HindIII and BamHI sites of pCEP4.

2.3. Preparation of human EP4 antisera

2.3.1. Preparation of EP4-GST fusion protein
A hydrophilic region in the C-terminal tail of the human

EP4 receptor [3], amino acids (aa) 353–450, was fused to
the C-terminus of Sj26, a 26-kDa glutathione S-transferase
(GST) encoded by the parasitic helminth Schistosoma ja-
ponicum [22]. PCR was used to amplify amino acids 353–
450 of the EP4 cDNA [3] with specific 27-mer forward
(5�-GGCGGATCCCGCAGGGAGCGCTCCGGA-3�) and
reverse (5�-CACCAGGAATTCACTCTCTGAGTCCTG3�)
oligonucleotide primers. The forward primer included a
BamHI restriction site (underlined) and the reverse primer
an EcoRI restriction site (underlined) to allow for direc-
tional cloning of the PCR product into pGEX2T. The PCR
product and pGEX2T were restricted with BamHI and
EcoRI, ligated together and verified by DNA sequencing.
The fusion protein was produced in Escherichia coli in-
duced with 0.5 mM isopropyl-�-d-thiogalactopyranoside
(IPTG) for 6 hr. The bacteria were lysed by sonication, and
the bacterial debris was pelleted by centrifugation (17,200
g) for 10 min at 4°. The GST-EP4 fusion protein was
purified by GSH-agarose chromatography according to the
instructions of the manufacturer. After purification, the fu-
sion protein was visualized using SDS–PAGE with a
hand-held UV lamp and electro-eluted using an Elutrap
Electro–Separation system (Schleicher & Schuell) fol-
lowing the protocol of the manufacturer. The yield was
�1.25 mg of purified fusion protein/500 mL culture.
Antiserum production was carried out using the GST-
hEP4 fusion protein in Freund’s complete adjuvant in
New Zealand White rabbits from HRP Inc. This anti-
serum was designated MF335.

2.3.2. Preparation of recombinant full-length EP4

antiserum
Antiserum was raised against full-length recombinant

EP4 and affinity-purified, as described in the international
patent application PCT/US99/08214, in the laboratory of

Dr. M. Breyer (Vanderbilt University). This antiserum gave
an identical profile of EP4-IR as MF335 by immunoblot
analysis. In particular, both MF335 and this EP4 antiserum
gave similar EP4-IR patterns in the immunofluorescence
confocal microscopy studies, although MF335 had a higher
background. Therefore, results with the recombinant full-
length EP4 antiserum in the immunofluorescence confocal
microscopy are shown.

2.4. FLAG epitope tagging of EP4 receptor

The FLAG epitope tag (DYKDDDDK) was added to
the amino-terminus of EP4 by PCR amplification using
the primers 5�-CCTCAAAGCTTACCATGGACTAC
AAAGACGATGACGACAAGGCACCGCCAGCCACT
ATCGCGTCCACTCCCG-3� (sense) and 5�-ACAGGCT
GAAGAAGAGCAGAATGAAGG-3� (antisense), creating a
HindIII site at the 5� end of the sequence. The PCR amplifi-
cation protocol was performed on a DNA thermal cycler 480,
using Pfu I DNA polymerase and 50 ng of pcDNA3-EP4 DNA
as template, as follows: denaturation at 95° for 30 sec, anneal-
ing at 60° for 45 sec, and extension at 72° for 30 sec, for 30
cycles. The resulting 345 bp fragment was digested with Hin-
dIII and BstEII to generate a 280 bp fragment that was isolated
from low-melt agarose. This fragment was subcloned into
pcDNA3-EP4 that had been digested with HindIII and BstEII.
This construct resulted in EP4 containing an additional 15
amino acids (MDYKDDDDKAPPATI) at the amino terminus
containing the FLAG antigenic sequence followed by a 6
amino acid peptide, with the EP4 initiating methionine mutated
to alanine. The pcDNA3-FLAG (F)EP4 was verified by DNA
sequencing as described above. The FLAG epitope-tagged
amino portion of EP4 was used to replace the corresponding
region of pCEP4-EP4, pCEP4-EP4 (del. 215–263), and
pCEP4-EP4 (del. 355) by digestion of pcDNA3-FEP4 with
HindIII and SphI to release a 702 bp FEP4 that was isolated
from low-melt agarose. pCEP4-EP4, pCEP4-EP4 (del. 215–
263), and pCEP4-EP4 (del. 355) were also digested with Hin-
dIII and SphI, and the large vector-containing fragments were
isolated from low-melt agarose and were ligated to the FEP4

fragment. All constructs were verified by DNA sequencing.

2.5. Expression of EP4-containing constructs

Stable clonal expression of EP4 was achieved by trans-
fection of pCEP4-EP4, pCEP4-FEP4 pCEP4-FEP4 (del.
215–263), and pCEP4-FEP4 (del. 355) into HEK293 cells
stably expressing the Epstein Barr virus nuclear antigen
(EBNA) as previously described [23]. Stable bulk expres-
sion of pCEP4-EP4, pCEP4-EP4 (del. 215–263), and
pCEP4-EP4 (del. 355) was achieved by transfection into
human embryonic kidney (HEK293) cells as described
above. The transfected cells were maintained in culture for
48 hr, then trypsinized, and grown in the presence of 200
�g/mL of Hygromycin B for 3–4 weeks to select for resis-
tant cells expressing EP4. Expression of the receptor cDNA
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was assessed by receptor binding assays [24]. For all ex-
periments, cells expressing EP4 (EP4-HEK293) were used
48–72 hr following typsinization.

2.6. Desensitization of EP4

Whole cell [3H]PGE2 binding and cAMP assays were
conducted using both suspended and adherent HEK293
cells expressing EP4 and related constructs. Assays were
performed following treatment of the receptor-expressing
cells with PGE2, vehicle, or other reagents as indicated in
the figure legends (desensitization protocol). For suspension
cell assays, cells were first challenged, then washed three
times with PBS, and finally dissociated by incubation in
Enzyme-Free Cell Dissociation Buffer. Cells were recov-
ered by centrifugation at 300 g for 6 min at 4° and then
washed twice with PBS. Cells were finally resuspended in
HBSS. All procedures were conducted on ice with ice-cold
buffers. Cell viability was � 80% as determined by Trypan
Blue exclusion. [3H]PGE2 binding assays and cAMP accu-
mulation assays were conducted as described below. For ad-
herent cell assays, cells were seeded on 24-well Nunc plates
coated with Cell-Tak™ (5 �g/cm2), were incubated for 48–72
hr, and then were challenged as described above. Following
challenge, the cells were placed on ice and washed three times
with ice-cold PBS. [3H]PGE2 binding assays were performed
directly on the adherent cells as described below. Adenylyl
cyclase assays were performed using membranes prepared
from the challenged adherent cells.

2.7. [3H]PGE2 binding assays

Membrane-based [3H]PGE2 radioligand binding assays
were performed as previously described [23]. Whole cell
[3H]PGE2 binding assays with cells in suspension were
performed in a total volume of 0.2 mL with 25 nM PGE2 (5
nM [3H]PGE2 supplemented with 20 nM PGE2) in HBSS.
The reaction was started by the addition of 2 � 105 cells per
incubation, and non-specific binding was determined in the
presence of 10 �M PGE2. Samples were incubated with
shaking for 2 hr at 4°, and separation of the bound and free
radioligand was by rapid filtration on GF-C filters as de-
scribed [23]. [3H]PGE2 binding assays with adherent cells
(�2 � 105 cells/well) were performed in a total volume of
0.5 mL with 25 nM PGE2 (5 nM [3H]PGE2 supplemented
with 20 nM PGE2) in HBSS. Non-specific binding was
determined in the presence of 10 �M PGE2. The reaction
was incubated for 2 hr at 4° and terminated by aspirating the
unbound radioligand, followed by one wash with 1 mL
HBSS. Cells were solubilized in 0.5 mL of 0.5 N NaOH and
counted by liquid scintillation counting.

2.8. cAMP accumulation and adenylyl cyclase assays

Whole cell cAMP accumulation assays were performed
with cells in suspension. Incubations were performed in a
total of 0.2 mL HBSS containing 100 �M RO-20174 (phos-

phodiesterase type IV inhibitor). RO-20174 and PGE2 were
added to the incubation mixture in ethanol or DMSO to a
final vehicle concentration of 1.1% (v/v) (kept constant in
all samples). The reaction was initiated by the addition of
1 � 105 cells per incubation. Samples were incubated at 37°
for 10 min, and the reaction was terminated by immersing
the samples in boiling water for 3 min. Measurement of
cAMP was performed by a [125I]cAMP scintillation prox-
imity assay. Membrane-based adenylyl cyclase assays were
performed essentially according to the method of Salomon
et al. [24] with the following modifications: washed cells
were scraped and resuspended in 5 mM Tris–HCl (pH 7.4)
with 2 mM EDTA, 0.25 �M soybean trypsin inhibitor, 10
�M leupeptin, and 83 �M benzamidine. The cells were
subject to lysis by nitrogen cavitation (600 p.s.i.) for 20 min,
and membranes were prepared by differential centrifugation
at 4° (1000 g for 10 min; 43,000 g for 20 min). The membrane
pellets were resuspended in 45 mM Tris–HCl (pH 7.5) with 3
mM MgCl2, 1 mM EDTA, 0.25 �M soybean trypsin inhibitor,
10 �M leupeptin, and 83 �M benzamidine. The assay mixture
contained 10 �g of membrane protein in 45 mM Tris–Cl (pH
7.5) with 3 mM MgCl2, 1 mM EDTA, 0.12 mM ATP, 0.053
mM GTP, 2.8 mM phosphoenol pyruvate, 0.8 U pyruvate
kinase, 1 U myokinase, 100 �M RO-20174, and 0–10 �M
PGE2 in a final volume of 0.1 mL. Samples were incubated for
30 min at 37°, and the reaction was terminated by immersing
the samples in boiling water for 5 min. Measurement of cAMP
was performed by a [125I]cAMP scintillation proximity assay.

2.9. Immunohistochemistry

The wild-type, mutant, and epitope-tagged EP4 and control
HEK293 cells were seeded on 8-well chamber slides coated
with poly-D-lysine and used 2 days later (50% confluence). The
cells were then challenged with PGE2 (1 �M) or vehicle as
described in the figure legends and subsequently washed three
times with ice-cold PBS. The cells were fixed in 2% (v/v)
paraformaldehyde on ice for 30 min followed by two washes
in PBS. Non-specific sites were blocked for 30 min with 5%
(w/v) fat-free milk in PBS. Cells were then incubated for 1 hr
at room temperature with EP4 antiserum obtained from M.
Breyer (Vanderbilt University) (1:500) or FLAG-M5 (10 �g/
mL) in 5% (w/v) fat-free milk in PBS, followed by three 2-min
washes in PBS. Cells were then incubated for 1 hr at room
temperature with Alexa488 donkey anti-goat (EP4 antiserum)
or goat anti-mouse (FLAG-M5 antiserum) IgG conjugate (1:
200) in 5% (w/v) fat-free milk in PBS, followed by five 2-min
washes in PBS. Slides were mounted using PermaFluor aque-
ous mountant and scanned using an LSM510 Zeiss confocal
scanning microscope.

2.10. Immunoblot analysis

EP4-HEK293 cells were challenged as described in the
figure legends and then washed three times with ice-cold
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PBS. Washed cells were frozen in liquid nitrogen, allowed
to thaw on ice, and then scraped with 10 mM HEPES (pH
7.4) containing 1 mM EDTA, 4 mM Pefabloc�, 10 �M
E-64, 100 �M leupeptin, 73 �M pepstatin, and 10 �M
bestatin. Cells were disrupted by three freeze–thaw cycles
followed by sonication. Membranes were prepared by dif-
ferential centrifugation at 4° (1000 g for 10 min; 160,000 g
for 30 min). The final cell pellet was resuspended in 10 mM
HEPES (pH 7.4) with 1 mM EDTA and 4 mM Pefabloc�.
Membranes (100 �g protein) were solubilized in 2% SDS
for 1 hr at room temperature with shaking. Membrane pro-
teins were then deglycosylated in 10 mM NaPO4 (pH 8.0)
with 10 mM EDTA, 1% N-octylglucoside (w/v), 0.2% SDS
(w/v), 4 mM Pefabloc�, and 1 U N-glycosidase F for 2 hr at
room temperature with shaking. The reaction was termi-
nated by the addition of 3� SDS-sample buffer. Samples
(33 �g protein) were separated by SDS–PAGE on 10%
Tris-glycine gels and then transferred to 0.45 �m nitrocel-
lulose by electroblotting [25]. Homogeneous transfer was
verified on the nitrocellulose with Ponceau S staining. Non-
specific sites on the nitrocellulose were then blocked in 5%
fat-free milk (w/v) in TBS [250 mM Tris–HCl (pH 7.5), 1.5
M NaCl] for 30 min. The nitrocellulose blot was incubated
with antiserum [MF335 at 1:3000 or FLAG-M5 at 10
�g/mL in 1% fat-free milk (w/v) in TBS] for 2 hr at room
temperature and washed in 0.05% Tween-20 (v/v) in TBS
for 2 � 20 min and 2 � 5 min. The nitrocellulose blot was
incubated with donkey anti-rabbit (MF335) or sheep anti-
mouse (FLAG-M5) secondary antibody linked to horserad-
ish peroxidase at 1:2000 in 1% fat-free milk (w/v) in TBS
for 1 hr at room temperature and washed as above. Immu-
noreactivity was revealed by ECL [26].

2.11. Immunoprecipitation analysis

EP4-HEK293 cells (80% confluence) were labeled with
either 100 �Ci/mL of [35S]methionine in methionine-free
DMEM for 6 hr or 200 �Ci/mL of 32Pi in phosphate-free
DMEM for 2 hr, both at 37°, 6% CO2. Cells were chal-
lenged with PGE2 or vehicle as described in the figure
legends. Membranes were prepared, and proteins were deg-
lycosylated as described for the immunoblot analysis. For
immunoprecipitation, deglycosylated membrane proteins
(200 �g in 200 �L of 10 mM NaPO4 with 10 mM EDTA,
1% N-octylglucoside (w/v), 0.2% SDS (w/v), 4 mM Pefa-
bloc�, and 2 U N-glycosidase F) were diluted 5-fold in
immunoprecipitation (IP) buffer [10 mM Tris–HCl (pH 7.2)
with 300 mM NaCl, 1% Triton X-100]. Immunoprecipita-
tion experiments were conducted using MF335. Samples
were pre-cleared using MF335 pre-immune serum pre-
bound to 50 �L of PAS for 30 min at 4° on a rotating
platform. The pre-cleared samples were incubated with 25
�L MF335 pre-bound to 50 �L of PAS for 90 min at 4° on
a rotating platform. The samples were centrifuged at 14,000
g for 1 min at 4° to recover immunoprecipitable material
and then were washed twice with IP buffer and once with 10

mM Tris–HCl (pH 7.0). Specifically adsorbed proteins were
finally eluted from the Sepharose beads by incubation in
SDS-sample buffer and were analyzed by SDS–PAGE. Gels
containing [35S]methionine-labeled samples were incubated
for 10 min in Enlighten and for 10 min in 90% Enlighten/
10% glycerol. [35S]methionine- and 32Pi-labeled proteins
were visualized by autoradiography or by phosphoimager
analysis (Storm Phosphoimager, Molecular Systems).

2.12. Dephosphorylation

EP4-HEK293 cells were challenged with PGE2 (1 �M)
or vehicle for 30 min at 37°, 6% CO2, and membranes were
prepared as described for the immunoblot analysis. Mem-
brane proteins (100 �g) were solubilized in 2% (w/v) SDS
as described and then dephosphorylated using 0.1 U of
alkaline phosphatase in 0.1 mL containing 10 mM Tris-
acetate (pH 7.5) with 10 mM Mg2�-acetate, 50 mM K�-
acetate and 0.4% (w/v) SDS for 30 min at 37°. Heat-
inactivation of alkaline phosphatase was at 95° for 15 min.
Proteins were then deglycosylated by diluting the phos-
phatase-treated samples 2-fold in 10 mM Tris–HCl (pH 8.0)
with 2% (w/v) N-octylglucoside, 8 mM Pefabloc� and 0.2%
(v/v) �-mercaptoethanol followed by an incubation with 1
U N-glycosidase F for 2 hr at room temperature with shak-
ing. The reaction was terminated by the addition of 3�
SDS-sample buffer, and samples were analyzed by SDS–
PAGE and immunoblot analysis as described.

3. Results

3.1. EP4 desensitization

We used HEK293 cells expressing recombinant EP4

(EP4-HEK293) as the model system for investigating ago-
nist (PGE2)-induced EP4 desensitization. Initial saturation
analysis of 160,000 g membrane fractions from EP4-
HEK293 cells demonstrated that PGE2 bound with high
affinity to a large population of EP4 receptors in this system
[equilibrium dissociation constant (KD) of 0.6 � 0.05 nM
and a Bmax of 4.7 � 0.9 pmol/mg protein, N � 3] [23]. In
EP4-HEK293 cells, activation of EP4 by PGE2 caused a
concentration-dependent increase in [cAMP]i production
with an EC50 of 0.5 � 0.2 nM, N � 5 (Fig. 1A). Although
there is no specific [3H]PGE2 binding in wild-type HEK293
cells, PGE2 elicits a small endogenous increase in [cAMP]i

(�10% of EP4-HEK293 cells) in wild-type HEK293 cells
(EC50 300 nM) that we believe is due to an endogenous EP2

receptor2 and does not interfere with the interpretation of
our results. Desensitization of EP4 was assessed following
agonist treatment of EP4-HEK293 cells (1 �M PGE2 for 30
min), which produced a 7-fold rightward shift in the PGE2

2 D. Slipetz, unpublished observations.

1001D. Slipetz et al. / Biochemical Pharmacology 62 (2001) 997–1012



concentration–response curve (EC50 � 3.1 � 1.3 nM, N �
4) (Fig. 1A).

To measure the total population of EP4 receptors at the
cell surface before and after agonist treatment, the number
of detectable [3H]PGE2 cell surface binding sites was mea-
sured using whole cells in suspension under saturating con-
centrations of radioligand (25 nM [3H]PGE2) and at 4° (Fig.
1B). After 30 min of agonist treatment, there was a 60%
reduction of cell surface [3H]PGE2 binding sites. Whole cell
saturation analysis revealed that this loss of [3H]PGE2 cell
surface binding was due to a decrease in the number of
binding sites (Bmax � 0.73 and 0.4 pmol/mg protein at 0 and
30 min, respectively) and was not caused by changes in the
radioligand affinity (KD � 3.6 and 3.4 nM at 0 and 30 min,
respectively). These data demonstrate that agonist challenge

of EP4 expressed in HEK293 cells results in a desensitiza-
tion of the receptor-mediated adenylyl cyclase response that
is accompanied by a reduction in receptor number. These
results substantiate the use of this cell line to study EP4-
driven receptor regulation. Throughout this study control
wild-type HEK293 cells were employed in parallel experi-
ments and gave negative results. This confirmed the speci-
ficity of the EP4-mediated responses described in this report
(data not shown).

3.2. Localization of EP4 by immunofluorescence

EP4 localization studies were performed in EP4-HEK293
cells using confocal immunofluorescent microscopy em-
ploying a specific EP4 antiserum obtained from M. Breyer
(Vanderbilt University). Localization studies were per-
formed before and after PGE2 treatment in order to deter-
mine whether the agonist-provoked decreases in cell surface
[3H]PGE2 specific binding sites described above reflect se-
questration of EP4. EP4-related immunofluorescence was
localized predominantly at the plasma membrane in EP4-
HEK293 cells (Fig. 2A). This pattern of immunofluores-
cence was absent in EP4-HEK293 cells treated with either
pre-immune serum (Fig. 2E), secondary antibody alone
(Fig. 2F), or in control wild-type HEK293 cells (Fig. 2G),
confirming that the immunofluorescence was EP4-receptor
specific. The limited diffuse staining observed throughout
the cytoplasm in EP4-HEK293 cells was attributable to
non-specific interactions as visualization with pre-immune
serum alone also showed a light non-specific staining (Fig.
2E). Following a 30-min pretreatment with agonist at 37°,
the majority of the specific EP4-related immunofluorescence
disappeared from the plasma membrane and redistributed to
intracellular punctate structures typical of early endosomes
(Fig. 2B). This agonist-induced EP4 internalization was
inhibited at 4° (Fig. 2, C and D). These data show that
internalization of EP4 is agonist induced and can be moni-
tored quantitatively by measuring [3H]PGE2 cell surface
binding.

3.3. EP4 phosphorylation

Experiments employing radiolabeling in conjunction
with immunoprecipitation were conducted to determine if
the EP4 receptor is phosphorylated in response to agonist
challenge. As a first step, a specific EP4-receptor antiserum
(MF335) raised against a GST-fusion protein comprising
amino acids 353–450 of the EP4 C-terminal tail was char-
acterized. EP4-HEK293 cell membrane proteins (160,000 g
fraction) were solubilized, deglycosylated, resolved by
SDS–PAGE, and visualized by immunodetection using
MF335. Specific EP4-related immunoreactivity (EP4-IR)
migrated with an apparent molecular weight of 50,000 (Fig.
3A, lane 1). The specificity of the signal for EP4 was
confirmed in parallel experiments performed using control
wild-type HEK293 cells (data not shown). The antiserum

Fig. 1. (A) Whole cell [cAMP]i accumulation assays in suspended EP4-
HEK293 cells. Cells were treated with vehicle (F, N � 5) or agonist (1 �M
PGE2; (�, N � 4) for 30 min. PGE2 concentration–response curves (0 to
3 � 107 M) were constructed before and after agonist treatment as de-
scribed in sections 2.6 and 2.8 of “Materials and methods.” Data are
expressed as a percentage of the maximal [cAMP]i produced in the vehicle-
treated cells. Values are means � SEM from experiments performed in
duplicate. (B) Whole cell [3H]PGE2 specific binding assays in suspended
EP4-HEK293 cells. Cells were treated with vehicle or agonist (1 �M
PGE2) for 30 min. Assays were conducted as described in sections 2.6 and
2.7 of “Materials and methods.” Data are expressed as a percentage of
[3H]PGE2 specific binding (100% � 5780 � 590 cpm) detected in vehicle-
treated cells. Values are the means � SEM from N � 10 experiments
performed in duplicate.
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was specific for EP4 and did not cross-react with EP1, EP2,
EP3-III, DP, FP, IP, and TP receptors recombinantly ex-
pressed in HEK293 cells [23] (data not shown). Short-term
agonist (0–1 �M PGE2) treatment (30 min) of EP4-
HEK293 cells resulted in a concentration-dependent de-
crease in the electrophoretic mobility of EP4-IR to an ap-
parent molecular weight of 54,000 (Fig. 3A, lanes 1–6).

This upward band shift in EP4-IR was associated with EP4

activation because it occurred concomitantly with a reduc-
tion in cell surface [3H]PGE2 specific binding sites (Fig.
3B). Both events occurred with an EC50 of 1 nM PGE2,
comparable to the KD for PGE2 binding to EP4 in this cell
line. In addition, the EP4-IR upward band shift occurred
rapidly. A time-course of agonist challenge (0–30 min)

Fig. 2. Localization of EP4 recombinantly expressed in HEK293 cells by immunofluorescence. EP4-HEK293 cells were treated with vehicle (A, C, E, F) or
agonist (1 �M PGE2) (B, D) for 30 min at 37° (A, B, E, F) or 4° (C, D). The cells were processed as outlined in section 2.9 of “Materials and methods”
using either a specific EP4 antiserum (A, B, C, D) or pre-immune serum (E), or substituting the primary antibody with blocking buffer (F). Panel G represents
control wild-type HEK293 cells treated with vehicle for 30 min at 37°. These images are representative of 5 separate experiments giving comparable results.
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illustrated that the majority of EP4-IR migrated at the higher
molecular weight of 54,000 after a 5-min agonist challenge
and that there was no further increase in the apparent mo-
lecular weight of EP4-IR over a 30-min period (Fig. 3C).

It was proposed that the EP4-IR upward band shift was
due to agonist-induced receptor phosphorylation. To test
this hypothesis, membranes prepared from EP4-HEK293
cells treated with either vehicle or 1 �M PGE2 for 30 min
were subjected to dephosphorylation by alkaline phospha-
tase treatment and analyzed by SDS–PAGE and immuno-
detection (Fig. 3D). As expected, the higher molecular
weight EP4-IR species were detected in the samples treated
with PGE2 but not vehicle. Alkaline phosphatase treatment
reversed the majority of the PGE2-induced upward band
shift with EP4-IR from both vehicle- and agonist-treated
cells co-migrating at the original molecular weight of
50,000. The EP4-IR upward band shift was not reversed by
heat-inactivated alkaline phosphatase. These data suggest
that most of the EP4-IR upward band shift is due to phos-
phorylation. There was residual higher molecular weight
EP4-IR following alkaline phosphatase treatment. The treat-
ment conditions may not have been sufficient to dephos-
phorylate EP4 completely or it is possible that the receptor
underwent additional post-translational modifications fol-
lowing agonist treatment.

Radiolabeling and immunoprecipitation experiments
were performed to confirm that agonist treatment induced
phosphorylation of EP4. Initial studies with metabolic la-
beling using [35S]methionine demonstrated that the MF335
EP4 antiserum immunoprecipitated EP4 from both vehicle-
and PGE2-treated EP4-HEK293 cells (Fig. 4A). Radiola-
beled EP4-IR from vehicle-treated cells migrated with an

Fig. 3. Immunoblot analysis of EP4. (A, B) Concentration–response curve of
PGE2-treated EP4-HEK293 cells. Cells were treated with increasing concen-
trations (0–106 M) of PGE2 for 30 min and then analyzed by either SDS–
PAGE followed by immunoblotting (A) (see section 2.10 of “Materials and
methods”) or suspended whole cell [3H]PGE2 specific binding assays (B) (see
section 2.7 of “Materials and methods”). Data are expressed as a percentage of
[3H]PGE2 specific binding (100% � 6470 cpm) detected in vehicle-treated
cells. These data are representative of 2 experiments giving comparable results.
(C) Time-course of PGE2-treated EP4-HEK293 cells. Cells were treated for
0–30 min with 1 �M PGE2 and then analyzed by SDS–PAGE followed by
immunoblotting (see section 2.10 of “Materials and methods”). (D) Dephos-
phorylation of EP4 following PGE2 treatment. EP4-HEK293 cells were pre-
treated with vehicle or 1 �M PGE2 for 30 min, and then membrane proteins
were subjected to dephosphorylation with alkaline phosphatase (see section
2.12 of “Materials and methods”). Control samples were incubated either
without enzyme or with heat-inactivated enzyme as indicated. These data are
representative of data from comparable results obtained from 5 independent
experiments. Immunoblot analysis was performed with EP4 MF335 antiserum.
Molecular masses (kDa) are shown.

Fig. 4. Immunoprecipitation of EP4. EP4-HEK293 or control HEK293 cells
were labeled with [35S]methionine (A) or [32P]orthophosphate (B), as
described in section 2.11 of “Materials and methods,” and challenged for
30 min with vehicle or 1 �M PGE2 as shown on the top of the correspond-
ing lanes. Radiolabeled immunoreactive material was harvested with the
EP4 MF335 antiserum. Molecular masses (kDa) are shown. These data are
representative of comparable results obtained from 3 separate experiments.
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apparent molecular weight of 50,000 in agreement with the
results from the immunoblot analysis. In addition, PGE2

treatment resulted in the appearance of higher molecular
weight radiolabeled EP4-IR, again in agreement with im-
munoblot analysis. There was no immunoreactivity at this
position in HEK293 control cells. Finally, analysis of the
[35S]methionine labeled EP4-IR by densitrometry detected
equal amounts of EP4-related material in the vehicle- and
PGE2-treated samples, indicating that MF335 has the same
affinity for all forms of EP4. EP4-HEK293 cells were then
radiolabeled with [32P]orthophosphosphate, challenged with
either vehicle or PGE2 for 30 min, and the samples were
analyzed by immunoprecipitation with MF335. There was a
15-fold increase in the amount of radioactivity associated
with EP4-IR from the agonist-challenged cells as compared
with the vehicle-treated cells (Fig. 4B). There was some
endogenous phosphorylation of EP4 observed in the vehi-
cle-treated samples. The increase in radioactivity associated
with agonist treatment of EP4 in [32P]orthophosphate-label-
ing studies was calculated by densitometry and was typi-
cally 5- to 15-fold. These results confirm that agonist chal-
lenge with PGE2 results in phosphorylation of EP4. Taken
together these data also demonstrated that agonist-induced
phosphorylation of EP4 results in an increase in the apparent
molecular weight of EP4, as assessed by SDS–PAGE fol-
lowed by immunoblot analysis. This upward band shift was
used in future experiments, described below, as an index of
EP4 phosphorylation.

3.4. Second messenger kinase activation

The following experiments were designed to determine if
either PKA or PKC plays a role in EP4 desensitization/
phosphorylation. PKA is a second messenger kinase acti-
vated by [cAMP]i. Known activators of PKA include fors-
kolin, which binds adenylyl cyclase, and 8-bromo-cAMP,
which stimulates PKA directly. Because agonist activation of
EP4 increases [cAMP]i, receptor-mediated activation of PKA
was examined in EP4-HEK293 cells. Cytosolic PKA activity
increased 40-fold after challenge of EP4-HEK293 cells with 1
�M PGE2, 10 �M forskolin, or 1 mM 8-bromo-cAMP, as
compared with the basal level seen with vehicle alone, dem-
onstrating that agonist activation of EP4 in turn activates PKA
(Fig. 5A). In addition, there are two consensus PKA phosphor-
ylation sites in the third intracellular loop (i3) of EP4 (Fig. 6).
Therefore, the role of PKA in mediating EP4 desensitization,
sequestration, and phosphorylation was examined. There are
also four consensus PKC phosphorylation sites in the C-termi-
nal tail of EP4 and one in the third intracellular loop (i3) (Fig.
6). Therefore, the tumor promoter PMA, a well-known activa-
tor of PKC, was utilized to examine whether PKC mediated
heterologous EP4 desensitization. At this stage, a membrane
adenylyl cyclase assay and an adherent whole cell [3H]PGE2

binding assay were developed to facilitate the experiments and
were employed in these and future experiments.

Adenylyl cyclase assays were employed to measure EP4

functional desensitization. PGE2 provoked a concentration-
dependent increase in EP4-mediated adenylyl cyclase activ-
ity with an EC50 of 0.54 � 0.14 nM (Fig. 5B). Challenge of
EP4-HEK293 cells with 1 �M PGE2 caused a 10-fold right-
ward shift (EC50 � 5.5 � 1.2 nM) in the PGE2 concentra-
tion–response curve. These values are in excellent agree-
ment with the data obtained using whole cell [cAMP]i

accumulation assays. In the membrane-based assay, how-
ever, agonist treatment also resulted in a significant decrease
in both the basal (P � 0.001) and maximal (P � 0.02)
adenylyl cyclase activities (Fig. 5B). This is probably due to
a reduction in the EP4 constitutive activity that appears in
the membrane-based assay. We have systematically varied
the EP4 density in HEK293 cells and have shown that
increased receptor expression increases the basal functional
activity of EP4 (M. Abramovitz, unpublished results). The
EP4 constitutive activity is, therefore, probably related to the
relatively high level of expression of EP4 in these cell lines.
Treatment of EP4-HEK293 cells with 10 �M forskolin did not
desensitize the PGE2-mediated adenylyl cyclase response, with
an EC50 � 0.53 � 0.12 nM and basal and maximal activities
that were indistinguishable from vehicle-treated cells. In con-
trast, when EP4-HEK293 cells were challenged with 100 nM
PMA, a 5-fold rightward shift in the concentration–response
curve was obtained (EC50 � 2.5 � 0.2 nM), and although the
maximal activity did not differ significantly from that of the
vehicle-treated cells (P � 0.97), the basal activity was signif-
icantly lower (P � 0.001).

Measurement of whole cell specific binding using the
adherent cell assay protocol indicated that a 30-min treat-
ment with 1 �M PGE2 provoked a 70 � 2% decrease in
cell-surface [3H]PGE2 specific binding sites (Fig. 5C). This
is in excellent agreement with the suspension cell assay
protocol utilized in Fig. 1B. Challenge of EP4-HEK293
cells with 1 mM 8-bromo-cAMP did not provoke any losses
in cell-surface binding sites (105 � 3%). In contrast, 100nM
PMA treatment significantly (P � 0.02) increased the num-
ber of cell-surface [3H]PGE2 specific binding sites to 117 �
5% of control values. Combining 1 �M PGE2 with either 1
mM 8-bromo-cAMP or 100 nM PMA resulted in a reduc-
tion in cell-surface [3H]PGE2 specific binding sites similar
to that produced by PGE2 challenge alone [67% (avg. N �
2) and 69 � 7%, respectively] (Fig. 5C).

The results from the whole cell binding analysis sug-
gested that activation of the second messenger kinases PKA
and PKC would not induce EP4 sequestration. This was
confirmed by confocal immunofluorescence microscopy.
EP4-related immunofluorescence remained localized to the
plasma membrane in EP4-HEK293 cells treated with either
1 mM 8-bromo-cAMP or 100 nM PMA. This reveals that
activation of PKA or PKC does not induce EP4 sequestra-
tion (Fig. 5, D and F). EP4 sequestration was induced,
however, when EP4-HEK293 cells were challenged with 1
�M PGE2 in combination with either 1 mM 8-bromo-cAMP
or 100 nM PMA (Fig. 5, E and G). In these examples,
punctate staining of EP4-related immunofluorescence in the
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cytoplasm had a similar distribution pattern to that obtained
by challenge with PGE2 alone. This confirms that agonist
activation of EP4 drives sequestration independently of
PKA and PKC activation.

Finally, the effect of PKA or PKC activation on EP4

phosphorylation was studied using the EP4-IR band shift as
a surrogate marker. Immunoblot analysis of EP4-HEK293
cells revealed that there was no increase in the apparent

molecular weight of EP4-IR from cells treated with 1 mM
8-bromo-cAMP alone, as compared with the increase rou-
tinely observed with PGE2 treatment (Fig. 5H). Treatment
of EP4-HEK293 cells with both 1 �M PGE2 and 1 mM
8-bromo-cAMP resulted in a profile identical to that ob-
served with PGE2 alone. These results show that agonist,
but not PKA, activation is responsible for the majority of
EP4 phosphorylation (Fig. 5H). In contrast, treatment with

Fig. 5. Regulation of EP4 by PKA and PKC. (A) Activation of PKA in EP4-HEK293 cells challenged for 30 min with 1 �M PGE2, 10 �M forskolin, or 1
mM 8-bromo-cAMP. PKA activity was measured in whole cell lysates using a Spinzyme PKA kit. These data are representative of data from 2 experiments
performed in triplicate. (B) Adenylyl cyclase assays in EP4-HEK293 cells challenged for 30 min with vehicle (F), 1 �M PGE2 (f), 10 �M forskolin (❐ ),
or 100 nM PMA (³), as described in sections 2.6 and 2.8 of “Materials and methods.” Data are expressed as means � SEM from 3 experiments performed
in duplicate. (C) Whole cell [3H]PGE2 specific binding assays using adherent EP4-HEK293 cells were performed as described in sections 2.6 and 2.7 of
“Materials and methods.” Cells were challenged for 30 min with the indicated reagents. Data are expressed as a percentage of [3H]PGE2 specific binding in
the vehicle-treated cells (100% � 10,180 � 950 cpm). Values are the means � SEM from the indicated number of experiments performed in triplicate. The
8-bromo-cAMP � PGE2 value represents the mean of 2 experiments with the individual values equal to 42 and 24%. The (**) and (*) indicates significance
at P � 0.001 and P � 0.05, respectively, compared with vehicle-treated samples. (D–G) Immunofluorescence localization of EP4. EP4-HEK293 cells were
treated with 1 mM 8-bromo-cAMP (D), 1 �M PGE2 � 1 mM 8-bromo-cAMP (E), 100 nM PMA (F), or 1 �M PGE2 � 100 nM PMA (G) for 30 min at
37°, as described in section 2.9 of “Materials and methods” using the EP4 specific antiserum (Vanderbilt University). These data are representative of data
from 3 experiments performed in duplicate. (H, I) SDS–PAGE and immunoblot analysis of EP4-HEK293 cells pretreated for 30 min with the reagents shown.
Immunoblot analysis was performed as described in section 2.10 of “Materials and methods” using EP4 MF335 antiserum. Only the region of the immunoblot
encompassing the EP4-IR is shown (48–61 kDa). These data are representative of data from 1 of 3 comparable experiments.
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100 nM PMA induced the appearance of a higher molecular
weight form of EP4-IR migrating at 53 kDa, that was clearly
and consistently distinct from the agonist-mediated form
migrating at 54 kDa (Fig. 5I). The appearance of the PMA-
induced EP4-IR 53-kDa species, but not the agonist-induced
EP4-IR 54-kDa species, was inhibited significantly by pre-
treating EP4-HEK293 cells for 15 min with 1 �M stauros-
porin, a PKC inhibitor. Furthermore, treatment with 100 nM
PMA in combination with 1 �M PGE2 provoked an EP4-IR
band shift to 54 kDa that was insensitive to staurosporin
inhibition, suggesting that agonist-induced EP4 phosphory-
lation is the predominant pathway. Taken together, these
data show that PKA activation does not play a role in EP4

desensitization and that PKC may have a minor role in the
desensitization of only the adenylyl cyclase response.

3.5. EP4 deletion mutants

To identify the regions of EP4 containing the determi-
nants of receptor desensitization and phosphorylation, two
deletion mutants were constructed. EP4 (del. 215–263) had
48 amino acids of i3 deleted, which removed the two PKA
and one of five PKC consensus phosphorylation sites. EP4

(del. 355) was a truncation of 133 amino acids from the

C-terminal tail, which removed 34 serine and threonine
residues including four of the five PKC consensus sites.
New bulk stable cell lines were constructed for EP4, EP4

(del. 215–263), and EP4 (del. 355) in HEK293 cells. Mem-
brane saturation analysis with [3H]PGE2 showed that the
new bulk EP4 stable cell line had a similar KD (1.1 nM) but
a lower Bmax (2.6 pmol/mg protein) than the clonal stable
EP4-HEK293 cell line used in the studies described above.
In comparison, the deletion mutants EP4 (del. 215–263) and
EP4 (del. 355) had KD values of 10 and 1 nM, respectively,
and Bmax values of 1 and 3.6 pmol/mg protein, respectively.
Adenylyl cyclase assays confirm that these deletion mutants
were functionally coupled to their effector system. Overall,
the EP4-driven adenylyl cyclase response was less sensitive
(7-fold) in the bulk EP4-HEK293 cells compared with the
clonal EP4-HEK293 cells, which is probably a reflection of
the lower receptor number detected in the bulk cell line.
These data substantiate the use of these mutants and cell
lines for studying EP4 desensitization.

Adenylyl cyclase assays were performed to assess the
functional desensitization of the EP4 mutants following a
30-min treatment with 1 �M PGE2. Wild-type EP4 dis-
played the expected rightward shift (18-fold) in the PGE2

concentration–response curves following agonist treatment,

Fig. 6. Schematic representation of the amino-acid sequence of EP4. Arrows indicate PKA consensus phosphorylation sites. Asterisks indicate PKC consensus
phosphorylation sites. Single bar brackets encompass the third intracellular loop deletion. A solid line represents the C-terminal tail deletion. Solid circles
indicate the region utilized for the GST-fusion protein in the generation of the MF335 antiserum.
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with EC50 values increasing from 3.6 � 0.7 to 66 � 18 nM
(Fig. 7A). Similarly, the PGE2-mediated adenylyl cyclase
response for EP4 (del. 215–263) showed desensitization, with
EC50 values increasing 5-fold from 21 � 6.0 to 108 � 16 nM.
In contrast, desensitization of EP4 (del. 355) was not observed,
as sensitivity to PGE2 was unaffected by the agonist treatment
(EC50 � 7.8 � 1.9 and 6.2 � 1.7 nM, for vehicle- and PGE2-
treated cells, respectively) (Fig. 7, B and C).

Whole cell [3H]PGE2 specific binding was also moni-
tored following a 30-min treatment with 1 �M PGE2 (Fig.
7D). Again, as expected, agonist treatment of wild-type EP4

resulted in a reduction (73 � 3%) in cell-surface [3H]PGE2

specific binding sites. EP4 (del. 215–263) displayed similar
sensitivity to the agonist as the wild-type EP4 with an 83 �
3% loss of cell-surface [3H]PGE2 binding sites. In contrast,
the truncation of the C-terminal tail dramatically attenuated
this loss of cell-surface [3H]PGE2 specific binding sites, as
only a 23 � 0.4% reduction was observed.

Because the truncation of the EP4 C-terminal tail re-
moved the sequence encoding the epitopes of both EP4

antisera, we were unable to assess the sequestration by
confocal immunofluorescence microscopy or the phosphor-
ylation state of EP4 (del. 355). Therefore, the FLAG epitope
sequence “DYKDDDDK” was inserted at the N-terminus of
EP4, EP4 (del. 215–263), and EP4 (del. 355). The insertion
of the FLAG epitope did not result in differences in the
behavior of the receptors as measured by saturation analysis
[KD � 3, 6, and 1 nM for FEP4, FEP4 (del. 215–263), and
FEP4 (del. 355), respectively], adenylyl cyclase activities
[EC50 3.3, 22, and 12 nM for FEP4, FEP4 (del. 215–263), and
FEP4 (del. 355), respectively], and the desensitization pro-
file following agonist treatment as measured by the right-
ward shift of the PGE2 concentration–response curve [10-
and 3-fold shift for FEP4 and FEP4 (del. 215–263), respec-
tively, and no shift for FEP4 (del. 355)] (data not shown).

The phosphorylation state of FEP4, FEP4 (del. 215–263),
and FEP4 (del. 355) following agonist treatment was again
investigated by SDS–PAGE and immunodetection using the
upward band shift as a surrogate marker (Fig. 7E). Immu-
noblot analysis indicated that FEP4-IR migrated as a doublet
at 54 and 57 kDa. The addition of the FLAG epitope,
therefore, increased the EP4-IR apparent molecular weight
by 4000. A 30-min treatment with 1 �M PGE2 induced
phosphorylation of FEP4 as visualized by an increase in
FEP4-IR from 57 to 61 kDa. Similarily, FEP4 (del. 215–
263)-IR migrated as a doublet at 46 and 51 kDa. The 51 kDa
band represented the phosphorylated form of FEP4 (del.
215–263)-IR as the intensity of this band was increased
5-fold after agonist treatment. In contrast, the migration of
FEP4 (del. 355)-IR at 40 kDa was unaffected by PGE2 treat-
ment, indicating that this receptor mutant is not phosphorylated
upon agonist challenge. These data strongly indicate that the
major sites of agonist-mediated phosphorylation lie in the C-
terminal tail of the EP4 receptor and not in the i3 loop.

Immunofluorescence microscopy using FLAG-M5 anti-
serum was employed to determine whether the agonist-

induced sequestration of FEP4 (del. 215–263) and FEP4

(del. 355) was affected by their respective i3 and C-terminal
deletions (Fig. 8). EP4 was localized to the plasma mem-
brane in the FEP4, the FEP4 (del. 215–263), and the FEP4

(del. 355) HEK293 cell lines as shown by the distribution of
FLAG-related immunofluorescence (Fig. 8, A, C, and E).
Thus, neither the epitope tagging of EP4 nor the i3 or
C-terminal tail deletions affected its subcellular localiza-
tion. Visualization of FLAG-related immunofluorescence
after agonist treatment revealed that both FEP4 and FEP4

(del. 215–263) sequestered into intracellular punctate com-
partments, but FEP4 (del. 355) remained localized at the
plasma membrane (Fig. 8, B, D, and F) These data show
that the determinants for EP4 sequestration are also located
in the C-terminal tail of EP4.

4. Discussion

The data presented in this study have developed an
extensive desensitization paradigm for EP4 recombinantly
expressed in one cell system. This elucidation of the mech-
anisms of EP4 desensitization show that agonist treatment
induces desensitization of functional activity, losses in cell
surface binding sites, sequestration, and EP4 phosphoryla-
tion. Studies with EP4 deletion mutants support the hypoth-
esis that the C-terminal tail contained the determinants that
controlled these processes.

Desensitization of EP4 functional response was moni-
tored by both whole-cell [cAMP]i accumulation and mem-
brane adenylyl cyclase assays. Both methods indicated that
EP4 was desensitized by agonist treatment as shown primar-
ily by rightward shifts in the PGE2 concentration–response
curves. The specific binding of [3H]PGE2 to whole cells
gave a quantitative reflection of agonist-induced EP4 se-
questration into the cell because saturation analysis indi-
cated that the cell-surface receptor number decreased, but
the affinity for the residual receptors did not change. To
provide additional evidence for EP4 sequestration, we uti-
lized immunofluoresence confocal microscopy. Agonist ac-
tivation of many receptors promotes endocytosis and inter-
nalization by either clathrin-coated or non-coated vesicle
pathways (for a review, see Ref. 19). In agreement, EP4

receptor sequestration was observed post agonist challenge
with the redistribution of the majority of EP4 immunoreac-
tivity into intracellular aggregates that probably represent
endosomes. Our data greatly expand upon a previous study
reporting desensitization of the EP4 adenylyl cyclase re-
sponse in EP4 CHO cells [16].

A hallmark of G-protein-coupled receptor (GPCR) desen-
sitization is the rapid phosphorylation of the receptor that
appears within minutes of agonist stimulation [18]. In this
report, we show that EP4 is also rapidly phosphorylated within
5 min of agonist challenge. Direct phosphorylation of EP4 was
confirmed by immunoprecipitation of the receptor using our
specific EP4 MF335 antiserum from EP4-HEK293 cells la-
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beled with 32Pi. Agonist-induced phosphorylation of EP4 re-
duced the electrophoretic mobility of the receptor, and this was
visualized by immunoblotting as an increase in the apparent
molecular weight of EP4-IR. This upward “band shift” was
used as an index of receptor phosphorylation throughout this
study. The use of this marker was validated by experiments
showing that dephosphorylation of EP4 by alkaline phospha-
tase treatment could reverse the band shift.

EP4 phosphorylation and sequestration were directly
linked as both occurred concomitantly over an identical
agonist concentration range with comparable EC50 values
(�1 nM) and maximal responses (10 nM). These data associ-
ating EP4 phosphorylation and sequestration support the hy-
pothesis that �-arrestin binding to agonist-activated, phosphor-
ylated EP4 may mediate its internalization via clathrin-coated
pits, as occurs with other GPCRs. Future experiments using
�-arrestin fluorescent conjugates and confocal microscopy will
define further its role in EP4 sequestration.

Both the GRKs and the second messenger kinases are
principal regulators of GPCR phosphorylation and uncou-
pling [17,27,28]. To understand further the kinases respon-

Fig. 7. (Opposite) Deletion mutant analysis. Adenylyl cyclase assays in
bulk stable EP4-HEK293 (A), EP4 (del. 215–263) (B), and EP4 (del. 355)
(C) cells challenged for 30 min with vehicle (F) or 1 �M PGE2 (f), as
described in sections 2.6 and 2.8 of “Materials and methods.” The (*)
represents significance at P � 0.05. Data are expressed as means � SEM
from 5 experiments performed in duplicate. (D) Whole cell [3H]PGE2

specific binding assays using bulk stable adherent EP4-HEK293, EP4 (del.
215–263) and EP4 (del. 355) cells, as described in sections 2.6 and 2.7 of
“Materials and methods.” Cells were challenged for 30 min with vehicle or
1 �M PGE2. Data are expressed as a percentage of [3H]PGE2 specific
binding in the vehicle-treated cells that was taken as 100% for each
construct (100% in EP4 � 5230 � 920 cpm, EP4 (del. 215–263) � 3650 �
900 cpm, and EP4 (del. 355) � 16,140 � 3680 cpm). Values are the
means � SEM from 3 experiments performed in triplicate. (E) SDS–PAGE
and immunoblot analysis of FEP4-HEK293, FEP4 (del. 215–263), and
FEP4 (del. 355) cells pretreated for 30 min with 1 �M PGE2. Immunoblot
analysis was performed as described in section 2.10 of “Materials and
methods” using FLAG-M5 antiserum as described. Only the region of the
immunoblot encompassing the EP4-IR is shown (36–64 kDa). These data
are representative of data from 3 comparable experiments.
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sible for EP4 phosphorylation, we investigated the roles of
PKA and PKC. Both forskolin and 8-bromo-cAMP acti-
vated PKA in EP4-HEK293 cells, but they did not provoke
desensitization, sequestration, or increased phosphorylation
of EP4. Agonist activation of EP4 is not known to stimulate
PKC. However, there are five PKC consensus phosphory-
lation sequences in EP4, and the potential for heterologous
desensitization by activators of PKC was examined. Chal-
lenge of EP4-HEK293 cells with PMA caused a desensiti-
zation of the EP4 adenylyl cyclase response and a slight, but
significant, increase in EP4 binding sites. Immunofluores-
cence microscopy confirmed that PMA did not induce EP4

sequestration. This separation of PMA-induced desensitiza-
tion from sequestration indicates a divergence of these two
pathways. In fact, receptor endocytosis is thought to be
mediated by �-arrestin binding of a GRK-phosphorylated

agonist occupied receptor [29,30]. For the �2-AR, endocy-
tosis is mediated via direct interaction of �-arrestin and
clathrin [20] via recruitment of the clathrin adaptor AP-2
[31]. If this is the case for EP4, then PKC phosphorylation
would not be expected to promote sequestration. Instead,
the role of PKC could be to cause a functional desensitiza-
tion of EP4 by uncoupling G-proteins through receptor
phosphorylation. In support of this hypothesis, PMA caused
EP4 phosphorylation, although this was not as pronounced
as that induced by the agonist. The PMA-induced EP4

phosphorylation was mechanism-based as it was reversed
by the PKC inhibitor staurosporin. Preincubation of the
cells with both PMA and PGE2 resulted in an EP4 phos-
phorylation pattern comparable to that found with agonist
alone. This suggests that agonist-induced EP4 phosphoryla-
tion is the predominant mechanism. Because PMA in-

Fig. 8. Immunofluorescence localization of FEP4 (A, B), FEP4 (del. 215–263) (C, D), and FEP4 (del. 355) (E, F) in HEK293 cells. Cells were treated with
vehicle (A, C, E) or 1 �M PGE2 (B, D, F) for 30 min at 37°, as described in section 2.9 of “Materials and methods” using FLAG-M5 antiserum. These data
are representative of data from 3 comparable experiments performed in duplicate.
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creased the number of cell-surface EP4 receptors, it is pos-
sible that the increase in EP4 phosphorylation observed with
PMA merely reflects an increase in the basal level of EP4

phosphorylation. However, our findings are supported by a
previous report describing PMA-induced phosphorylation
of EP4 in COS-7 cells, although this study did not monitor
any other aspects of EP4 desensitization [32]. In conclusion,
PMA-induced desensitization of the adenylyl cyclase re-
sponse suggests that EP4 may be desensitized heterolo-
gously when cellular activation of PKC occurs and that this
event may occur through EP4 phosphorylation.

The lack of direct effects on agonist-mediated receptor
phosphorylation by activation of PKA or PKC suggests a
strong role for the GRKs in this process. Indeed, the C-
terminal tail of EP4 contains 38 serine and threonine resi-
dues as well as multiple acidic amino-acid pairs that have
been strongly linked as recognition sequences for the GRKs
[33–37]. The HEK293 cells have been shown to contain
GRK2 and GRK5 [38], and our own studies show the
presence of GRK2, -4, and -6 in our clonal EP4-HEK293
cell line (data not shown). In addition, it has been shown
that the phosphorylation of an EP3-EP4 chimeric receptor
induced by a selective EP3 agonist was increased in the
presence of overexpressed GRK2, -3, and -5 [32].

Deletions of i3 and the C-terminal tail of EP4 confirmed
that the major determinants for EP4 desensitization were
located in the C-terminal tail. Ligand binding affinities were
comparable to those of wild-type EP4, suggesting that i3 and
the C-terminal tail did not contain important determinants
for PGE2 binding or high-affinity receptor coupling. Func-
tional assays revealed that the adenylyl cyclase response
was altered by deletion of i3 (a 9-fold increase in agonist
EC50) and the C-terminal tail (decrease in the maximal re-
sponse). These findings suggested that the coupling effi-
ciency of EP4 was reduced slightly by the deletions introduced
in these mutants. Previous studies have highlighted the impor-
tance of conserved Glu/Arg residues at the amino terminus of
i2, the NH2 and COOH-terminal portions of i3, and the prox-
imal portion of the C-terminal tail in coupling [39]. These
regions have been left intact in the EP4 deletion mutants.
However, x-ray crystallography with bovine rhodopsin [40]
and biophysical studies of the �2-AR [41,42] have suggested
that both i3 and the proximal terminus of the C-terminal tail
form �-helices. It is possible that the deletions introduced in
EP4 may have affected the secondary structure of i3 and/or the
C-terminal tail, thereby slightly attenuated the coupling of EP4

with G�s. However, robust functional responses were achieved
with the EP4 mutants, and we were confident that they would
provide a suitable model system to study the regions of EP4

involved in desensitization.
The deletion of i3 in EP4 did not affect its ability to

desensitize, sequester, or be phosphorylated. These results
are in agreement with the data showing that PKA activation
did not desensitize EP4 because deletion of the i3 loop
removed the two PKA consensus phosphorylation se-
quences without affecting EP4 desensitization. Truncation

of the C-terminal tail at amino acid 355 significantly atten-
uated all the aspects of agonist-induced EP4 desensitization,
including functional activity, sequestration, and phosphor-
ylation. Taken together, these data strongly suggest that the
major determinants for agonist-induced EP4 desensitization,
sequestration, and phosphorylation are located in the C-
terminal tail of the receptor.

Previous studies on EP4 desensitization in CHO cells
have focused on the waning of adenylyl cyclase activity
over time. Deletion of the C-terminal tail impaired desen-
sitization of the adenylyl cyclase activity [43], and serine
residues between amino acids 370 and 382 were shown to
be responsible for governing this activity [44]. In addition,
other studies using EP3-EP4 receptor chimeras implicated
the EP4 C-terminal tail in governing the desensitization of
the receptor hybrid [32]. Our studies clearly demonstrated
that EP4 desensitization is linked to both EP4 sequestration
and phosphorylation and that the C-terminal region contains
the determinants responsible for all of these events.

In summary, we have described, for the first time, the
agonist-mediated phosphorylation and internalization of the
prostaglandin E2 EP4 receptor. Recent studies have high-
lighted the biological importance of EP4, particularly its role
in the closure of the ductus arteriosis and possibly as the
mediator of PGE2-stimulated osteogenesis, suggesting po-
tential targets for therapeutic intervention. Promotion of
bone formation would require agonist activation of EP4.
Desensitization leading to tachyphylaxis could limit the
therapeutic utility of an EP4 agonist. Therefore, we have
taken the first steps in elucidating the mechanisms involved
in the agonist-mediated desensitization of EP4, thereby pro-
viding insight into its regulation.
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