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Prostaglandin F2a (PGF2a) receptors are G-protein-
coupled receptors consisting of two alternative mRNA
splice variants, named FPA and FPB. As compared with
the FPA isoform, the FPB isoform lacks the last 46 amino
acids of the carboxyl terminus and, therefore, repre-
sents a truncated version of the FPA. We recently found
(Pierce, K. L., Fujino, H., Srinivasan, D., and Regan, J. W.
(1999) J. Biol. Chem. 274, 35944–35949) that stimulation
of both isoforms with PGF2a leads to activation of a Rho
signaling pathway, resulting in tyrosine phosphoryla-
tion of p125 focal adhesion kinase, formation of actin
stress fibers, and cell rounding. Although the activation
of Rho and subsequent cell rounding occur at a similar
rate for both isoforms, we now report that following the
removal of PGF2a the reversal of cell rounding is much
slower for cells expressing the FPB isoform as compared
with the FPA isoform. Thus, in HEK-293 cells that stably
express the FPA isoform, the reversal of cell rounding
appears to be complete after 1 h, whereas for FPB-ex-
pressing cells there is essentially no reversal even after
2 h. Similarly, the disappearance of stress fibers and
dephosphorylation of p125 focal adhesion kinase follow-
ing removal of agonist are much slower in FPB-express-
ing cells than in FPA-expressing cells. The mechanism of
this differential reversal appears to involve a difference
in receptor resensitization following the removal of ag-
onist. Based upon whole cell radioligand binding, ago-
nist-induced stimulation of inositol phosphate forma-
tion, and mobilization of intracellular Ca21, the FPB
isoform resensitizes more slowly than the FPA isoform.
These findings suggest that the carboxyl terminus of the
FPA is critical for resensitization and that the slower
resensitization of the FPB isoform leads to prolonged
signaling. This differential signaling distinguishes the
FPA and FPB receptor isoforms and could be important
toward understanding the physiological actions of
PGF2a.

FP prostanoid receptors are G-protein-coupled receptors that

bind endogenous prostaglandin F2a (PGF2a),1 resulting in the
stimulation of phosphoinositide turnover, mobilization of intra-
cellular calcium, and activation of protein kinase C (PKC) via
Gq. There are two known alternative mRNA splice variants of
the sheep FP prostanoid receptors that have been defined as
the FPA and FPB (1). These FP prostanoid receptor isoforms
have common amino termini and seven-transmembrane-span-
ning domains but differ in their carboxyl termini in the same
manner as the EP3 and thromboxane A2 prostanoid receptor
alternative mRNA splice variants (2–5). Thus, both the FPA

and FPB isoforms share the same nine initial amino acids of
their carboxyl termini after which the FPA continues for an-
other 46 amino acids and the FPB just one. Except for this one
amino acid, therefore, the FPB isoform is a truncated version of
the FPA isoform.

Initial studies of these isoforms indicated that both receptors
had similar ligand binding profiles and similar stimulation of
agonist-induced phosphoinositide turnover (1). Recently, how-
ever, we have found that the FPA isoform, but not the FPB, is
subject to a rapid negative feedback regulation by PKC (6).
This negative feedback by PKC probably involves phosphoryl-
ation at one or more of three PKC phosphorylation consensus
sites that are present in the 46 amino acids that are unique to
the carboxyl terminus of the FPA. Indeed, whole cell phospho-
rylation showed that the FPA was phosphorylated in an agonist-
dependent fashion, whereas the FPB was not.

Besides coupling to Gq and the phosphoinositides signaling
pathway, we have also found that the FPA and FPB prostanoid
receptor isoforms activate Rho, a member of the Ras family of
small G-proteins, to cause cell rounding, actin stress fiber
formation, and tyrosine phosphorylation of p125 focal adhesion
kinase (FAK) (7). This activation of Rho and subsequent shape
change is independent of Gq and probably occurs via activation
of G12 and/or G13. This is consistent with the findings for other
Gq/G11-coupled receptors, such as those for thrombin, throm-
boxane A2, and lysophosphatidic acid (LPA) in which the ago-
nist-induced formation of actin stress fibers has been shown to
involve either G12 or G13 (8). While no significant differences
between the FPA and FPB receptor isoforms were found with
respect to their activation of Rho and cell rounding, we have
now found marked differences between these isoforms with
respect to the reversal of cell rounding following removal of
agonist. Thus, reversal of cell rounding, loss of stress fibers,
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and dephosphorylation of p125 FAK is much slower for cells
expressing the FPB prostanoid receptor isoform than for the
FPA. Based on the results of radioligand binding, agonist-stim-
ulated inositol phosphate accumulation, and mobilization of
intracellular calcium, it appears that this slower reversal is
related to slower resensitization of the FPB isoform following
agonist-induced desensitization. Therefore, while both iso-
forms initially desensitize to a similar extent following treat-
ment with PGF2a, the FPB resensitizes more slowly than the
FPA. We hypothesize that the slower resensitization of the FPB

isoform is associated with prolonged signaling following the
removal of agonist.

EXPERIMENTAL PROCEDURES

Cell Culture and Imaging—HEK-293 cells stably expressing the FPA

and FPB prostanoid receptor isoforms were generated and cultured as
described previously (6, 7). These two cell lines have comparable levels
of receptor expression judged both by radioligand binding (FPA, 3.55 6
0.28 pmol/mg protein; FPB, 4.09 6 0.49 pmol/mg protein) and by PGF2a-
stimulated inositol phosphate formation. Cells were plated in six-well
tissue culture dishes (Falcon) under half-confluent conditions (;35,000
cells/well) and were grown without any changes of media for 3–4 days
in Dulbecco’s modified Eagle’s medium (Life Technologies, Inc.) contain-
ing 10% fetal bovine serum, 250 mg/ml Geneticin, 200 mg/ml hygromycin
B, and 100 mg/ml gentamicin. To examine agonist-induced cell rounding
and its reversal, either vehicle (sodium carbonate, 0.002% final concen-
tration) or agonist (PGF2a, 1 mM final concentration) was added to the
media, and the cells were incubated at 37 °C for 60 min. The cells were
then rapidly washed three times each with 1 ml of Opti-MEM (Life
Technologies) at 37 °C and were placed either in 1 ml of Opti-MEM (to
examine reversal) or in 1 ml of Opti-MEM containing PGF2a (to exam-
ine continuous agonist treatment). One hour later, the cells were visu-
alized by phase-contrast microscopy using an Olympus IX70 micro-
scope. Images were obtained using a Cohu 4915 CCD video camera and
processed using IPLab Spectrum (Signal Analytics).

Phalloidin Staining of Actin Stress Fibers—Cells were split and
grown as above for 3–4 days in six-well dishes containing 22-mm round
glass coverslips. Cells were treated with either vehicle or 1 mM PGF2a

for 60 min and were then rapidly washed three times each with 1 ml of
Opti-MEM at 37 °C. Following the last wash, 1 ml of Opti-MEM or 1 ml
of Opti-MEM containing 1 mM PGF2a was added to the cells. One hour
later, the cells were fixed and were stained with TRITC-conjugated
phalloidin (Molecular Probes, Inc., Eugene, OR) as described previously
(7). Cells were visualized by epifluorescence microscopy using a 3 60 oil
objective and optical band pass filters for Texas Red. Images were
acquired as above.

Immunoprecipitation and Western Blotting—Cells were split and cul-
tured as above in six-well plates. Following vehicle or drug treatments,
the cells were washed and lysed, and 300 mg of protein was used for
immunoprecipitation (1 mg/ml) as described previously (7) using 3 ml (0.6
mg) of rabbit polyclonal anti-FAK antibody (C-20; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA). Lysates were rotated for 15 h at 4 °C, and 10
ml of a 1:1 slurry of protein A-agarose (Sigma) was added followed by
rotation for an additional 1 h at 4 °C. The beads were washed three times,
Laemmli sample buffer was added, and the samples were boiled and
electrophoresed on 7.5% SDS-polyacrylamide gels. Proteins were trans-
ferred to nitrocellulose, and the blots were incubated with a 1:1000 dilu-
tion of a monoclonal anti-phosphotyrosine antibody (PY-20, Transduction
Laboratories) for 1 h at room temperature with rotation. The blots were
washed three times and incubated for 1 h at room temperature with a
1:5000 dilution of a goat anti-mouse secondary antibody (Sigma) conju-
gated with horseradish peroxidase. After washing three times, immuno-
reactivity was detected using SuperSignal enhanced chemiluminescence
(Pierce). To ensure equal loading of proteins, the blots were stripped and
reprobed as before with a 1:1000 dilution of anti-FAK antibody (C-20) and
a 1:10,000 dilution of goat anti-rabbit horseradish peroxidase-conjugated
secondary antibody (Sigma).

Whole Cell Radioligand Binding Assay—Cells were cultured in
10-cm plates and were trypsinized, centrifuged at 500 3 g for 2 min, and
resuspended in Opti-MEM at a concentration of 107 cells/ml. One-
milliliter aliquots of cells were incubated for 60 min at 37 °C with either
vehicle or 1 mM PGF2a, and the initial levels of receptor binding activity
were assessed, as described below, by the radioligand binding of
[3H]PGF2a (Amersham Pharmacia Biotech). To determine the recovery
of binding activity, cells were subjected to the same initial 1-h incuba-

tion with either vehicle or PGF2a and were washed three times by
centrifugation at 500 3 g for 2 min followed by resuspension with 1 ml
of Opti-MEM at 37 °C. The cells were incubated again for 60 min at
37 °C with either vehicle or 1 mM PGF2a (continuous treatment) and
were then assayed for binding activity. For the measurement of
[3H]PGF2a binding activity, cells were first washed three times as
before using ice-cold MES buffer consisting of 10 mM MES (pH 6.0),
0.4 mM EDTA, and 10 mM MnCl2. Following the final wash, the cells
were resuspended in ice-cold MES buffer at a concentration of
107 cells/ml, and 100 ml was added to a final assay volume of 200 ml
containing 2.5 nM [3H]PGF2a alone (total binding) or 2.5 nM [3H]PGF2a

plus 10 mM unlabeled PGF2a (nonspecific binding). Incubations were for
1 h at room temperature and were terminated by filtration through
Whatman GF/C glass filters using a cell harvester (M-24R, Brandel).
Filters were washed five times with the ice-cold MES buffer, and
radioactivity was measured by liquid scintillation counting in 7 ml of
Safety-Solve (Research Products International).

[3H]Inositol Phosphate Assay—Receptor-stimulated total [3H]inositol
phosphate accumulation was determined by anion exchange chroma-
tography in cells that were preincubated with myo-[2-3H]inositol
(Amersham Pharmacia Biotech). Cells were cultured in 10-cm plates in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum and
incubated with 3 mCi/ml myo-[2-3H]inositol overnight. Cells were
trypsinized, centrifuged at 500 3 g for 2 min, and resuspended in
Opti-MEM containing 10 mM LiCl at a concentration of 107 cells/ml.
One-milliliter aliquots of cells were incubated for 60 min at 37 °C with
either vehicle or 1 mM PGF2a for the measurement of initial [3H]inositol
phosphate accumulation. For the measurement of [3H]inositol phos-
phate accumulation after wash-out, cells were subjected to the same
initial treatment as above and were washed three times by centrifuga-
tion at 500 3 g for 2 min followed by resuspension with 1 ml Opti-MEM
containing 10 mM LiCl at 37 °C. The cells were then incubated for 60
min at 37 °C with either vehicle or 1 mM PGF2a (continuous treatment),
and the accumulation of total [3H]inositol phosphates was determined.
Assays were terminated by the addition of 2.5 ml of chloroform/
methanol/water (1:1:0.5), after which 900 ml of the aqueous phase was
removed and mixed with 2 ml of water and applied to a 2.5-ml column
of Dowex AG1-X8 anion exchange resin (Bio-Rad). Following three
washes with 5 ml of water and two washes with 5 ml of 5 mM borax,
60 mM sodium formate buffer, the [3H]inositol phosphates were eluted
with 2 ml of 0.2 M ammonium formate, 0.1 M formic acid, and radioac-
tivity was determined by liquid scintillation counting in 7 ml of Safety-
Solve (Research Products International).

Fura-2 Assay of Intracellular Ca21—Cells were grown on 10-cm
plates and were rinsed off the plates with Hanks’ balanced salt solution,
centrifuged for 5 min at 250 3 g, and washed once with the assay buffer
consisting of 120 mM NaCl, 6 mM KCl, 1 mM MgSO4, 1.5 mM CaCl2,
20 mM HEPES, 1 mg/ml sodium pyruvate, and 1 mg/ml glucose (pH 7.4).
The cell pellet was resuspended in the assay buffer at 3 3 106 cells/ml
and then split between two centrifuge tubes. Fura-2/AM (Sigma) was
added to both tubes (1 mM final concentration). Additionally, PGF2a

(10 nM final concentration) was added to one of the tubes but not the
other. After a 1-h incubation at 37 °C in a shaking water bath, the cells
were washed twice with assay buffer and resuspended at 2 3 106

cells/ml. Aliquots (0.5 ml) of the cell suspensions were added to Eppen-
dorf tubes, centrifuged for 5 min at 250 3 g, and placed on ice. The cell
pellets were resuspended in 3 ml of assay buffer at 37 °C approximately
5 min prior to use and were then transferred to a stirred cuvette.
Calcium signals were measured using a Perkin-Elmer LS-50 fluores-
cence spectrometer and excitation/emission wavelengths of 340/495 nm,
respectively. For calibration of the Fura-2 signal, fmax was obtained by
lysing the cells with digitonin (10 ml of 100 mg/ml in Me2SO) and fmin by
quenching the signal with EGTA and sufficient 10 M NaOH to adjust
the pH to 8.5.

RESULTS

Reversal of PGF2a-induced Cell Rounding Is Slower for Cells
Expressing the FPB Prostanoid Receptor Isoform than for Cells
Expressing the FPA Isoform—Recently, we have shown that
treatment of the ovine FPA and FPB prostanoid receptor iso-
forms with PGF2a leads to changes in cellular morphology
consisting of the retraction of filopodia, cell rounding, and a
cobblestone appearance of cell aggregates (1). These changes,
which also included the agonist-induced formation of actin
stress fibers and phosphorylation of p125 FAK, were found to
involve activation of Rho. To see if these changes were revers-

Differential Resensitization of FP Receptor Isoforms29908

 by guest on July 10, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


ible, cells were treated with 1 mM PGF2a for 1 h, after which
they were washed and placed in fresh media. The top of Fig. 1
shows the appearance of FPA- and FPB-expressing cells by
phase-contrast microscopy after the initial 1-h treatment with
1 mM PGF2a. As can be seen by comparing panels a and panels
b, both the FPA- and FPB-expressing cells have lost their filop-
odia and are more rounded and aggregated in the presence of
PGF2a. The bottom of Fig. 1 shows the appearance of the cells
1 h after wash-out, and a comparison of panels c reveals
marked morphological differences between the FPA- and FPB-
expressing cells. Thus, in FPA-expressing cells, the filopodia
have been reestablished, while in FPB-expressing cells, the
filopodia are absent and the cells are still aggregated. In the
continuous presence of PGF2a (panels d), both FPA- and FPB-
expressing cells remain rounded and aggregated. In cells that
were never exposed to PGF2a but were subjected to the same

wash-out protocol (panels e), the cells maintained their original
stellate morphology (cf. panels a).

When examined 2 h after wash-out, the appearance of the
cells was virtually indistinguishable from the data shown here
for 1 h after wash-out (i.e. the FPAs had fully reversed, and the
FPBs remained rounded and aggregated) (data not shown).
Even after 24 and 48 h, there was relatively little reversal of
cell rounding in the FPB-expressing cells; however, reversal
was also more difficult to assess because of the effects of cell
crowding. Therefore, the present studies focused on the events
occurring within 2 h of agonist wash-out.

HEK-293 cells are known to express endogenous receptors
for LPA, whose activation causes changes in cellular morphol-
ogy (9) similar to those observed here for PGF2a. To rule out the
possibility of an intrinsic difference in the ability of the FPB-
expressing cells to undergo reversal of their morphology, we
examined the reversal of LPA-induced cell rounding. The top of
Fig. 2 shows the appearance of FPA- and FPB-expressing cells
after an initial 1-h treatment with 10 mM LPA. As can be seen
by comparing panels a and panels b, both FPA- and FPB-
expressing cells show a loss of filopodia and cell rounding in
the presence of LPA. The bottom of Fig. 2 shows the appearance
of cells 1 h after wash-out, and as seen in panels c, for both

FIG. 1. PGF2a-induced cell rounding (top) and its reversal fol-
lowing agonist wash-out (bottom) in HEK-293 cells stably ex-
pressing the ovine FPA and FPB prostanoid receptor isoforms.
Two plates each of FPA- and FPB-expressing cells were treated with
either vehicle (panels a) or 1 mM PGF2a (panels b) for 60 min at 37 °C
and were then examined for their initial response to these treatments
(top). Three plates each of FPA- and FPB-expressing cells were subjected
to the same initial treatment with either vehicle (one plate) or 1 mM

PGF2a (two plates) and were washed out by rinsing three times with
Opti-MEM followed by the addition of media containing either vehicle
alone (panels c and panels e) or 1 mM PGF2a (panels d). After a 60-min
incubation at 37 °C, the cells were examined for reversal of cell round-
ing. The notation to the left of the bottom panels refers to the initial
treatment/treatment after wash-out (e.g. in panels c, the initial treat-
ment was with 1 mM PGF2a, and the treatment after wash-out was with
vehicle). Images were obtained as described under “Experimental Pro-
cedures” at a magnification of 3 75. These results are all from one
experiment that was repeated over 10 times with virtually identical
results.

FIG. 2. LPA-induced cell rounding (top) and its reversal follow-
ing agonist wash-out (bottom) in HEK-293 cells stably express-
ing the ovine FPA and FPB prostanoid receptor isoforms. Two
plates each of FPA- and FPB-expressing cells were treated with either
vehicle (panels a) or 10 mM LPA (panels b) for 60 min at 37 °C and were
then examined for their initial response to these treatments (top). Two
additional plates each of FPA- and FPB-expressing cells underwent an
initial treatment with 1 mM PGF2a and were then washed out by rinsing
three times with Opti-MEM following by the addition of media contain-
ing either vehicle alone (panels c) or 10 mM LPA (panels d). After a
60-min incubation at 37 °C, the cells were examined for reversal of cell
rounding. The notation to the left of the bottom panels refers to the
initial treatment/treatment after wash-out (e.g. in panels c, the initial
treatment was with 10 mM LPA, and the treatment after wash-out was
with vehicle). Images were obtained as described under “Experimental
Procedures” at a magnification of 3 75. These results are all from one
experiment that was repeated three times with virtually identical
results.
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the FPA- and FPB-expressing cells, the filopodia have been
reestablished. When examined 2 h after wash-out, the effects of
LPA were fully reversed for both receptor isoforms (data not
shown). In the continuous presence of LPA (panels d), both the
FPA- and FPB-expressing cells remained rounded with a com-
plete absence of filopodia. Thus, the slower reversal of the FPB

isoform following treatment with PGF2a is consistent with a
receptor-specific effect and is not a property of this clonal cell
line.

Reversal of PGF2a-induced Stress Fiber Formation and Phos-
phorylation of FAK Are Also Slower for Cells Expressing the
FPB Prostanoid Receptor Isoform than for Cells Expressing the
FPA Isoform—As previously mentioned, treatment of FPA- and
FPB-expressing cells with PGF2a has also been found to induce
actin stress fiber formation and phosphorylation of p125 FAK.
To examine the reversal of these responses following agonist
wash-out, FPA- and FPB-expressing cells were initially treated
with 1 mM PGF2a and were then washed and placed in fresh
media containing either vehicle or 1 mM PGF2a. After the sec-
ond incubation period, the cells were stained with TRITC-
phalloidin to examine actin stress fiber formation (Fig. 3), or
lysates were prepared and immunoprecipitated with anti-FAK
antibodies followed by Western blotting to determine tyrosine

phosphorylation of p125 FAK (Fig. 4). Fig. 3 shows that after
the initial treatment with PGF2a (panels b) both the FPA- and
FPB-expressing cells showed prominent stress fiber formation
(cf. panels a). Panels c of Fig. 3 show that in FPA-expressing
cells the actin stress fibers were gone 1 h after agonist wash-
out. In contrast, the actin stress fibers were still present in
FPB-expressing cells, indicating that the loss of stress fibers
following the wash-out of PGF2a was slower for cells expressing
the FPB isoform as compared with the FPA isoform.

Fig. 4 shows that there was a similar delay in the dephos-
phorylation of p125 FAK for FPB-expressing cells. Thus, a
comparison of lanes a and b shows that after the initial 1-h
incubation with PGF2a, both FPA-expressing cells (upper panel)
and FPB-expressing cells (lower panel) showed prominent phos-
phorylation of p125 FAK. However, at both 1 h (lanes c) and 2 h
(lanes d) after agonist wash-out, the phosphorylation of FAK
had returned to its original level for the FPA-expressing cells
(cf. lane a), whereas in the FPB-expressing cells FAK remained
highly phosphorylated. In the continuous presence of 1 mM

PGF2a at both 1 h (lanes e) and 2 h (lanes f) FAK remained
phosphorylated in both the FPA- and FPB-expressing cells.

Slower Reversal of PGF2a-induced Cell Rounding for Cells
Expressing the FPB Receptor Isoform Is Not Due to Differences
in the Wash-out of PGF2a or in the Kinetics of PGF2a Binding—
Recovery of [3H]PGF2a following agonist wash-out and compet-
itive radioligand binding were used to determine if pretreat-
ment of FPA- and FPB-expressing cells with PGF2a caused any
subsequent changes in the affinity of PGF2a for these receptors.
To measure the effectiveness of the washing protocol, cells
expressing either the FPA or FPB receptor isoforms were incu-
bated for 1 h with 1 mM PGF2a, to which a tracer amount of
[3H]PGF2a was added. The cells were then washed three times,
and the recovery of radioactivity in the wash was determined.
For the FPA-expressing cells, 105 6 3% of the initial radioac-
tivity was recovered in the wash, while 104 6 0.2% of the
radioactivity was recovered in the wash from FPB-expressing
cells. The amount of radioactivity remaining with the cells was
negligible. Therefore, the slower reversal of PGF2a-induced
shape change for cells expressing the FPB isoform is not due to

FIG. 3. PGF2a-induced formation of actin stress fibers (top)
and its reversal following agonist wash-out (bottom) in HEK-293
stably expressing the ovine FPA and FPB prostanoid receptor
isoforms. Two plates each of FPA- and FPB-expressing cells were
treated with either vehicle (panels a) or 1 mM PGF2a (panels b) for 60
min at 37 °C and were then stained with TRITC-phalloidin to examine
stress fiber formation in response to these initial treatments (upper
panel). Two additional plates each of FPA- and FPB-expressing cells
underwent an initial treatment with 1 mM PGF2a and were then washed
out by rinsing three times with Opti-MEM followed by the addition of
media containing either vehicle alone (panels c) or 1 mM PGF2a (panels
d). After a 60-min incubation at 37 °C, the cells were stained with
TRITC-phalloidin to examine the reversal of stress fiber formation. The
notation to the left of the bottom panels refers to the initial treatment/
treatment after wash-out. Images were obtained as described under
“Experimental Procedures” at a magnification of 3 225. These results
are all from one experiment that has been repeated over three times
with virtually identical results.

FIG. 4. PGF2a-induced tyrosine phosphorylation of p125 FAK
and its dephosphorylation following agonist wash-out in HEK-
293 cells stably expressing ovine FPA (upper panel) and FPB
(lower panel) prostanoid receptor isoforms. Two plates each of
FPA- and FPB-expressing cells were treated with either vehicle (lanes a)
or 1 mM PGF2a (lanes b) for 60 min at 37 °C. Four additional plates each
of FPA- and FPB-expressing cells underwent an initial treatment with
1 mM PGF2a and were then washed out by rinsing three times with
Opti-MEM followed by the addition of media containing either vehicle
alone (lanes c and lanes d) or 1 mM PGF2a (lanes e and lanes f). After a
60 (lanes c and lanes e) or 120-min (lanes d and lanes f) incubation at
37 °C, the cells were examined for phosphorylation of p125 FAK by
immunoprecipitation (IP) with anti-FAK antibodies and immunoblot-
ting (IB) with anti-phosphotyrosine antibodies (PY). To ensure equal
loading, the blots were stripped and reprobed with the anti-FAK anti-
body (lower windows of both panels). This experiment is representative
of one of three independent experiments.
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a decreased ability to wash out PGF2a. The high efficiency of
the washing procedure probably reflects the low permeability
coefficient for the cellular influx of PGF2a (10) and suggests
that whole cell radioligand binding will predominantly reflect
binding to cell surface receptors.

Whole cell competitive radioligand binding was done with
FPA- and FPB-expressing cells to determine if the slower rever-
sal of shape change in cells expressing the FPB isoform could be
correlated with an increased affinity of PGF2a for the receptor
following pretreatment with agonist. Fig. 5 shows that pre-
treatment with 1 mM PGF2a for 1 h followed by wash-out re-
sulted in approximately a 50% decrease in the maximal specific
binding of [3H]PGF2a for both receptor isoforms with a slight
decrease in affinity (;1.5-fold) for both isoforms. These data
suggest that both the FPA and FPB receptor isoforms undergo
a similar degree of agonist-induced loss of binding activity and
that the slower reversal of shape change in cells expressing the
FPB isoform is unlikely to be the result of an increased affinity
for PGF2a.

Initial Agonist-induced Loss of Binding Activity Is Similar
for Both FP Prostanoid Receptor Isoforms, but Functional De-
sensitization Persists for the FPB Isoform and Is Consistent
with Slower Resensitization—PGF2a-induced receptor desensi-
tization and subsequent resensitization following agonist
wash-out was done to investigate possible mechanisms that
might explain the slower reversal of cell rounding, actin stress
fiber formation, and FAK phosphorylation by the FPB receptor

isoform. This was examined by whole cell radioligand binding
with [3H]PGF2a (Fig. 6), by measurement of agonist-stimulated
inositol phosphate formation (Fig. 7), and by measurement of
agonist-stimulated intracellular Ca21 mobilization (Fig. 8). In
Fig. 6, cells were initially treated with either vehicle or 1 mM

PGF2a for 1 h and were then washed and assayed for the
specific whole cell binding of [3H]PGF2a. A comparison of col-
umns 1 and 2 shows that this initial treatment resulted in a
50% decrease in specific binding for both the FPA-expressing
cells (upper panel) and the FPB-expressing cells (lower panel),
which is likely to reflect receptor internalization. To examine
the recovery of binding activity, a second group of cells under-
went the same initial treatment but were then washed and
reincubated for another 1 h with either vehicle (columns 3 and
5) or 1 mM PGF2a (columns 4) and were again washed and
assayed for [3H]PGF2a binding. A comparison of columns 3 and
5 shows that specific [3H]PGF2a binding recovered completely
for cells expressing the FPA isoform (upper panel), but was still
decreased by 40% for cells expressing the FPB isoform (lower
panel). These data are consistent with a slower resensitization,
or recycling, of the FPB prostanoid receptor isoform as com-

FIG. 5. PGF2a competition for specific whole cell binding of
[3H]PGF2a following pretreatment with PGF2a in HEK-293 cells
stably expressing the ovine FPA (upper panel) and FPB (lower
panel) prostanoid receptor isoforms. Two plates each of FPA- and
FPB-expressing cells were trypsinized and treated with either vehicle
(●) or 1 mM PGF2a (E) for 60 min at 37 °C and were then washed and
assayed for specific binding of [3H]PGF2a as described under “Experi-
mental Procedures.” Data were normalized to vehicle in the absence of
PGF2a and were analyzed by nonlinear regression analysis. Data are
the means 6 S.E. of three independent experiments each performed in
duplicate. EC50 values for the FPA-expressing cells are 6.7 6 1.5 nM for
vehicle treatment and 11.8 6 4.5 nM for PGF2a treatment. For the
FPB-expressing cells, EC50 values are 14.3 6 1.8 nM for vehicle treat-
ment and 19.6 6 4.0 nM for PGF2a treatment.

FIG. 6. Specific whole cell binding of [3H]PGF2a following ini-
tial pretreatment with PGF2a and after wash-out in HEK-293
cells stably expressing the ovine FPA (upper panel) and FPB
(lower panel) prostanoid receptor isoforms. Two plates each of
FPA- and FPB-expressing cells were trypsinized and treated with either
vehicle (columns 1) or 1 mM PGF2a (columns 2) for 60 min at 37 °C. The
cells were then washed and assayed for specific binding of [3H]PGF2a as
described under “Experimental Procedures.” Three plates each of FPA-
and FPB-expressing cells were trypsinized and subjected to the same
initial treatment with either vehicle (one plate) or 1 mM PGF2a (two
plates) and were then washed out by rinsing three times with Opti-
MEM followed by the addition of media containing either vehicle alone
(columns 3 and 5) or 1 mM PGF2a (columns 4). After a 60-min incubation
at 37 °C, the cells were washed and assayed for specific binding of
[3H]PGF2a. Data were normalized to the initial treatment with vehicle
(columns 1). Each column shows the means 6 S.E. of three independent
experiments, each performed in duplicate.
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pared with the FPA isoform. Columns 4 show that continuous
treatment with PGF2a did not further decrease [3H]PGF2a

binding activity (cf. columns 2), and columns 5 show that the
incubation and washing conditions themselves did not decrease
binding activity (cf. columns 1).

Agonist-stimulated total inositol phosphate accumulation
was measured following initial treatment with PGF2a and fol-
lowing agonist wash-out to see if the slower reversal of cell
rounding in cells expressing the FPB isoform might be associ-
ated with prolonged phosphoinositide signaling. A comparison
of columns 1 and 2 in Fig. 7 shows that in both FPA- and
FPB-expressing cells there is a robust stimulation of total ino-
sitol phosphate accumulation after the initial 1-h treatment
with 1 mM PGF2a. Following agonist wash-out in the FPA-
expressing cells, there is no additional accumulation of total
inositol phosphates when the cells are subsequently incubated
with vehicle (cf. columns 2 and 3), but there is additional
accumulation when the cells are reexposed to 1 mM PGF2a (cf.
columns 2 and 4). On the other hand, following agonist wash-
out in FPB-expressing cells, there is a slight increase in total
inositol phosphates when the cells are incubated with vehicle
(cf. columns 2 and 3), but there is no additional accumulation

when the cells are reexposed to PGF2a (cf. columns 2 and 4). It
appears, therefore, that the FPB-expressing cells are function-
ally desensitized, whereas the FPA-expressing cells are not,
which is consistent with either slower resensitization of the
FPB isoform or more effective coupling of FPA receptors to the
phosphoinositide/Ca21 signaling pathway. Furthermore, it
does not appear that the slower reversal of PGF2a-induced
shape change in the FPB-expressing cells can be explained by
prolonged phosphoinositide signaling.

To examine the effects of agonist pretreatment on intracel-
lular Ca21 signaling, FPA- and FPB-expressing cells were in-
cubated for 1 h with either vehicle or 10 nM PGF2a and were
washed and assayed for PGF2a-stimulated Ca21 mobilization
by Fura-2 assay. Fig. 8 shows that for FPA-expressing cells
(upper panel) there was a 25% decrease in the maximally
stimulated mobilization of intracellular Ca21 following agonist
pretreatment. In contrast, there was a 60% decrease for the
FPB-expressing cells (lower panel). As with the phosphoinosit-
ide data shown in Fig. 7, it appears that the FPB-expressing
cells show a greater degree of functional desensitization of
agonist-stimulated intracellular Ca21 signaling as compared
with the FPA-expressing cells. Again, this is consistent with
slower resensitization of the FPB receptor isoform as compared
with the FPA isoform. Also, it does not appear that enhanced
intracellular Ca21 signaling can explain the slower reversal of
PGF2a-induced shape change in cells expressing the FPB

isoform.

DISCUSSION

Previously, we have demonstrated that agonist activation of
the cloned ovine FPA and FPB prostanoid receptor isoforms

FIG. 7. PGF2a-stimulated total [3H]inositol phosphates accu-
mulation following initial pretreatment with PGF2a and after
wash-out in HEK-293 cells stably expressing the ovine FPA (up-
per panel) and FPB (lower panel) prostanoid receptor isoforms.
Two plates each of FPA- and FPB-expressing cells were trypsinized and
treated with either vehicle (columns 1) or 1 mM PGF2a (columns 2) for 60
min at 37 °C, and total [3H]inositol phosphates were determined as
described under “Experimental Procedures.” Three plates each of FPA-
and FPB-expressing cells were trypsinized and subjected to the same
initial treatment with either vehicle (one plate) or 1 mM PGF2a (two
plates) and were then washed out by rinsing three times with Opti-
MEM followed by the addition of media containing either vehicle alone
(columns 3 and 5) or 1 mM PGF2a (columns 4). After a 60-min incubation
at 37 °C, the cells were washed, and total [3H]inositol phosphates were
determined. Data were normalized to the initial treatment with PGF2a

(columns 2). Each column is the mean 6 S.E. of three independent
experiments each performed in duplicate.

FIG. 8. PGF2a stimulation of intracellular calcium mobiliza-
tion in HEK-293 cells stably expressing the ovine FPA (upper
panel) and FPB (lower panel) prostanoid receptor isoforms. Cells
were treated with either vehicle (●) or 10 nM PGF2a (E) for 60 min at
30 °C. The cells were then washed, and intracellular Ca21 was meas-
ured by Fura-2 assay as described under “Experimental Procedures” at
the concentrations of PGF2a indicated above. Data are the means 6 S.E.
of three independent experiments.
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expressed in HEK-293 cells leads to Rho-dependent cell round-
ing, including the formation of the actin stress fibers and tyro-
sine phosphorylation of p125 FAK (7). While no differences
between the isoforms were found with respect to the induction
of these responses, we now report that their reversal following
agonist wash-out differs markedly between the isoforms. Thus,
1 h after the removal of PGF2a, FPA receptor-expressing cells
have essentially returned to their original morphology,
whereas FPB receptor-expressing cells are still rounded and
show the presence of actin stress fibers and p125 FAK phos-
phorylation. These results indicate that in FPB-expressing cells
there is a persistent activation of Rho-dependent signaling
even after the removal of agonist. This difference is not a
consequence of differing levels of receptor expression (both cell
lines express similar levels) or their ability to activate phos-
phoinositide turnover (both receptors stimulate inositol phos-
phate turnover to a similar extent). Furthermore, this differ-
ence is not due to an intrinsic difference in the ability of these
two clonal cells to undergo reversal. Thus, reversal of LPA-
induced cell rounding following the removal of LPA was iden-
tical for both FPA- and FPB-expressing cells. Instead, it appears
that the slower reversal of cell rounding following agonist
wash-out in FPB-expressing cells is related to slower resensi-
tization of the FPB receptor. At this time, we cannot determine
if the persistent activation of Rho signaling by the FPB isoform
is due to a failure to turn off the original signal or the failure to
activate a termination signal. In either case, the structural
basis for this difference resides in the 46 amino acids in the
carboxyl terminus of the FPA isoform that are absent in the
FPB isoform.

As it concerns these 46 amino acids, we have recently shown
that they are the target for PKC-mediated phosphorylation
following treatment with PGF2a (6). The FPB receptor isoform,
on the other hand, undergoes little or no agonist-dependent
phosphorylation. The carboxyl terminus has also been shown to
be a critical domain for regulatory phosphorylation in other
prostanoid receptors. For example, both the thromboxane A2

receptor and the prostacyclin receptor undergo agonist-depend-
ent phosphorylation in their carboxyl termini that is important
for receptor desensitization. In the case of the thromboxane A2

receptor, both PKC and a G-protein-coupled receptor kinase
may be involved (11). For the prostacyclin receptor, however,
only PKC has been implicated (12). In both cases, phosphoryl-
ation was correlated with agonist-induced desensitization of
second messenger signaling. The carboxyl terminus of the EP4

receptor has also been implicated in agonist-induced desensi-
tization of second messenger signaling, although direct phos-
phorylation was not examined (13). Unfortunately, none of
these studies have correlated the desensitization of signaling
with radioligand binding, although the carboxyl terminus of
the thromboxane A2 receptor was shown by immunofluores-
cence microscopy to promote agonist-induced internalization
(14). Presumably receptor internalization could account for
desensitization of signaling, but this is not always the case. In
fact, it is becoming evident that the process of receptor inter-
nalization itself is another aspect of signaling. Thus, agonist-
induced activation of mitogen-activated protein kinase cas-
cades by G-protein-coupled receptors appears to involve
receptor internalization (15).

As compared with studies of receptor desensitization, there
has been relatively little work done on receptor resensitization.
One recent study, however, compared the resensitization of
b2-adrenergic receptors with vasopressin V2 receptors and
found that the binding of arrestin-2 to the carboxyl termini of
these receptors was a critical determinant in receptor resensi-
tization (16). In the case of the b2-adrenergic receptors, which

resensitize quickly, arrestin-2 dissociates from the receptors
prior to internalization, whereas for the V2 receptors, which
resensitize slowly, arrestin-2 is internalized with the receptors.
The internalization of the V2 receptors was found to depend on
a cluster of three serines in its carboxyl terminus. The relation-
ship of this work to our present studies cannot be ascertained
at this time. For example, the carboxyl terminus of the FPB

receptor isoform does not contain any serines or threonines and
therefore is not a substrate for a serine/threonine kinase. Yet
the FPB isoform clearly undergoes agonist-dependent desensi-
tization with respect to both phosphoinositide turnover and
mobilization of intracellular Ca21, and it appears to undergo
internalization based upon whole cell radioligand binding. The
FPB isoform does contain potential phosphorylation sites in its
first, second, and third intracellular loops, but all of these are
common to the FPA isoform and therefore cannot explain how
these two receptor isoforms differ with respect to regulatory
phosphorylation events. Clearly, phosphorylation of the car-
boxyl terminus could be relevant to the observed desensitiza-
tion of the FPA isoform, which leads to the conclusion that the
mechanisms underlying the desensitization of the FPA and FPB

receptor isoforms are likely to differ. Likewise, their mecha-
nisms of resensitization are likely to differ, which is reflected
by our finding that the recovery of radioligand binding activity
was slower for the FPB isoform as compared with the FPA

following pretreatment with PGF2a.
Can slower resensitization of the FPB isoform explain the

slower reversal of PGF2a-induced cell rounding? This is pres-
ently unknown, but we believe it could be a link. Thus, the
differential desensitization/resensitization mechanisms of
the two isoforms could be associated with differences in col-
lateral signaling that are critical to either turning on or
turning off a reversal signal. For example, if the FPA receptor
isoform is internalized via clathrin-coated pits, and the FPB

is not, this could give rise to differential signaling of a recep-
tor tyrosine kinase pathway that is permissive for the rever-
sal process. Likewise, if the FPB isoform is internalized,
without being phosphorylated, it may continue to signal and
yet be desensitized with respect to whole cell radioligand
binding. Other mechanisms that do not involve receptor de-
sensitization or resensitization, such as differential activa-
tion of an unrecognized signal transduction pathway, may
also be operative.

To date, most studies of G-protein-coupled receptor isoforms
have focused on potential differences in the activation of signal
transduction pathways and/or initial regulatory events such as
receptor desensitization. Not surprisingly, less attention has
been given to the reversal of these processes, although they are
essential in a physiological system. To the best of our knowl-
edge, this is the first report of a major difference between
closely related receptor isoforms with respect to the reversal of
receptor-initiated changes in cell morphology. We have found
that although the time course and extent of PGF2a-induced cell
rounding, actin stress fiber formation, and FAK phosphoryla-
tion are similar for the two isoforms, the reversal of these
effects is much slower for the FPB isoform than the FPA. This
difference is paralleled by slower resensitization of the FPB

isoform with respect to radioligand binding and intracellular
phosphoinositide/Ca21 signaling, although the causal relation-
ship of these events to the reversal of cell rounding remains to
be established.

REFERENCES

1. Pierce, K. L., Bailey, T. J., Hoyer, P. B., Gil, D. W., Woodward, D. F., and
Regan, J. W. (1997) J. Biol. Chem. 272, 883–887

2. Namba, T., Sugimoto, Y., Negishi, M., Irie, A., Ushikubi, F., Kakizuka, A., Ito,
S., Ichikawa, A., and Narumiya, S. (1993) Nature 365, 166–170

3. Regan, J. W., Bailey, T. J., Donello, J. E., Pierce, K. L., Pepperl, D. J., Zhang,
D., Kedzie, K., Fairbairn, C. E., Bogardus, A. M., Woodward, D. F., and Gil,

Differential Resensitization of FP Receptor Isoforms 29913

 by guest on July 10, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


D. W. (1994) Br. J. Pharmacol. 112, 377–385
4. Hirata, M., Hayashi, Y., Ushikubi, F., Yokota, Y., Kageyama, R., Nakanishi,

S., and Narumiya, S. (1991) Nature 349, 617–620
5. Raychowdhury, M. K., Yukawa, M., Collins, L. J., McGrail, S. H., Kent, K. C.,

and Ware, J. A. (1994) J. Biol. Chem. 269, 19256–19261
6. Fujino, H., Srinivasan, D., Pierce, K. L., and Regan, J. W. (2000) Mol.

Pharmacol. 57, 353–358
7. Pierce, K. L., Fujino, H., Srinivasan, D., and Regan, J. W. (1999) J. Biol. Chem.

274, 35944–35949
8. Gohla, A., Offermanns, S., Wilkie, T. M., and Schultz, G. (1999) J. Biol. Chem.

274, 17901–17907
9. Della Rocca, G. J., Maudsley, S., Daaka, Y., Lefkowitz, R. J., Luttrell, L. M.

(1999) J. Biol. Chem. 274, 13978–13984

10. Chan, B. S., Satriano, J. A., Pucci, M., and Schuster, V. L. (1998) J. Biol. Chem.
273, 6689–6697

11. Habib, A., Vezza, R., Creminon, C., Maclouf, J., and FitzGerald, G. A. (1997)
J. Biol. Chem. 272, 7191–7200

12. Smyth, E. M., Li, W. H., and FitzGerald, G. A. (1998) J. Biol. Chem. 273,
23258–13266

13. Bastepe, M., and Ashby, B. (1999) Br. J. Pharmacol. 126, 365–371
14. Parent, J.-L., Labrecque, P., Orsini, M. J., and Benovic, J. L. (1999) J. Biol.

Chem. 274, 8941–8948
15. Pitcher, J. A., Tesmer, J. G., Freeman, J. L. R., Capel, W. D., Stone, W. C., and

Lefkowitz, R. J. (1999) J. Biol. Chem. 274, 34531–34534
16. Oakley, R. H., Laporte, S. A., Holt, J. A., Barak, L. S., and Caron, M. G. (1999)

J. Biol. Chem. 274, 32248–32257

Differential Resensitization of FP Receptor Isoforms29914

 by guest on July 10, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Krauss, David F. Woodward and John W. Regan
Hiromichi Fujino, Kristen L. Pierce, Dinesh Srinivasan, Charles E. Protzman, Achim H.

POSSIBLE ROLE OF RECEPTOR RESENSITIZATION
 Prostanoid Receptors:BDelayed Reversal of Shape Change in Cells Expressing FP

doi: 10.1074/jbc.M003467200 originally published online July 11, 2000
2000, 275:29907-29914.J. Biol. Chem. 

  
 10.1074/jbc.M003467200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/275/38/29907.full.html#ref-list-1

This article cites 16 references, 12 of which can be accessed free at

 by guest on July 10, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M003467200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;275/38/29907&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/275/38/29907
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=275/38/29907&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/275/38/29907
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/275/38/29907.full.html#ref-list-1
http://www.jbc.org/

