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ABSTRACT 

The autacoid prostaglandin F^a (PGFia) regulates a variety of physiological 

responses including luteolysis and parturition. The intracellular effects of PGFza are 

elicited by activation of FP G-protein coupled receptors. Alternative splice variants of the 

ovine FP receptor known as FP^ and FP^ exist. Compared to the FP^, the FP^ has a 

truncated intracellular carboxy terminus that lacks 46 amino acids. Both FP isoforms 

couple to and activate similar signaling cascades. The purpose of this research was to 

elucidate regulatory and functional differences between the FP receptor isoforms. 

HEK-293 cell lines stably expressing FLAG-epitope tagged receptor isoforms 

were generated using PCR cloning to circumvent limitations in obtaining antibodies that 

could recognize both FP receptor isoforms. The amino terminal FLAG-tagged FP^or FP^-

expressing cells were characterized to show expression levels comparable to that of their 

non-FLAG-tagged FP,^ or FP^-expressing counterparts. Functionally, FLAG-FP^ or FP„ -

and non-FLAG FP^ or FP„-expressing cells were confirmed to be indistinguishable. 

PGFia mediated receptor phosphorylation, internalization, and activation of extracellular 

signal regulated kinases (ERKs) were investigated and differences between the FP 

isoforms were found. 

In vivo phosphorylation assays showed that FP,^- but not FP^-receptors are 

phosphorylated when treated with PGFia- Immunohistochemical techniques were used to 

study receptor internalization. The FP^ receptors undergo internalization that is dependent 

on PGFia, clathrin and dynamin. The internalization of the FP^ receptors however, is 

independent of PGFia or clathrin but dependent on dynamin. A putative role for 

phosphatidyl inositol 3-kinase (PI3-K) in the constitutive sub-cellular distribution of the 

FPQ receptors is also reported here. Western blotting techniques showed that both FP 

receptor isoforms, when stimulated by PGFia, activate ERKs. Furthermore, the activation 
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of ERKs by both FP isoforms is dependent on protein kinase C and src family tyrosine 

kinases. However, PI3-K contributes to the activation of ERKs by the FPj,, but not the 

FF^ receptors, and may serve as a molecular marker to distinguish ERK signaling by the 

two isoforms. Finally internalization of either FP isoform may not be required for the 

PGFia-mediated activation of ERKs however internalization of both FP isoforms 

attenuates FGFia-mediated activation of ERKs. 

In conclusion, the differences in signaling reported here will contribute towards 

understanding differences in physiological responses elicited by PGFia and provide 

markers and targets for therapeutical intervention. 
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CHAPTER ONE 

INTRODUCTION, HYPOTHESIS AND AIMS 

Portions of this chapter have appeared previously in 

1. Pierce, K.L., Fujino, H., Srinivasan, D., and Regan, J.W. (1999) Activation of FP 

Prostanoid Isoforms Leads to Rho-mediated Changes in Cell Morphology and in the Cell 

Cytoskeleton. Journal of Biological Chemistry 274: 35944-35949 

2. Fujino H, Pierce KL., Srinivasan, D., Protzman CE., Krauss AH., Woodward. DF., and 

Regan. JW. (2000) Delayed Reversal of Shape Change in Cells Expressing FP„ 

Prostanoid Receptors. Journal of Biological Chemistry 275: 29907-29914 
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1.1 Introduction 

The importance of aspirin and other non-steroidal anti-inflammatory drugs in 

modem day healthcare is beyond question, but what do these drugs do? It was in 1971 

that Vane, Smith, and Willis demonstrated for the first time that the modus operandi of 

aspirin is through inhibition of prostaglandin synthesis (Vane, 1971). (Note: Bergstrom. 

Samuelsson, and Vane received a Nobel prize in 1982 for their work on prostaglandins). 

Prostaglandins belong to the family of autacoids. As the name autacoids suggests they are 

thought to be extremely susceptible to metabolic degradation, thereby limiting their 

influence to the cells producing them. Autacoids can be divided into two major divisions, 

the modified phospholipids and eicosanoids. 

The modified phospholipids are best represented by the platelet-activating factor 

(PAF). PAFs are synthesized by the action of phospholipase A. on glycero-

phosphocholine. This is followed by the action of acetyl-CoA on the lyso-PAF product of 

the earlier reaction. Physiologically PAFs elicit diverse reactions including vasodilation, 

vasoconstriction, and, platelet aggregation. PAFs are synthesized by only certain types of 

cells such as the macrophages and neutrophils. As opposed to the PAFs. eicosanoids are 

ubiquitously produced by most cell types in the animal kingdom. They are also found in a 

variety of plants. 

Eicosanoids are oxygenation products of eicosatetraenoic acid such as arachidonic 

acid which is the most abundant and important precursor for eicosanoids. Eicosanoids 

can be subdivided into prostaglandins, leukotrienes, epoxides and isoprostanes depending 

on the enzyme system used to metabolize arachidonic acid to generate the end products. 

Thus, the prostaglandins are synthesized by the action of cyclooxygenases, the 

leukotrienes by the action of lipooxygenases, epoxides by the action of epoxygenases and 

isoprostanes produced non-enzymatically by the action of free radicals. Prostaglandins 



were the first eicosanoids discovered. Prostaglandins were discovered in the i930s as a 

chemical principle present in seminal fluid and accessory reproductive glands that caused 

strips of human uterus to relax and contract upon contact. Euler coined the name 

prostaglandin in 1935 to denote lipid soluble-acids produced by the prostate glands. 

However, the name is a misnomer as the seminal tubules produce more prostaglandins 

than the prostate gland itself. Various kinds of prostaglandins were soon found, 

characterized and chemically synthesized. These prostaglandins included PGDi, PGEi, 

PGF2a and PGI2. In order to produce the prostaglandins phospholipase At first acts on 

membrane phospholipids to mobilize the free fatty acid arachidonate. The released 

arachidonate is then rapidly oxygenated and metabolized by enzyme systems such as the 

cyclooxygenases. or the lipooxygenases. The action of cyclooxygenases in concert with 

the action of other enzymes on resulting PGH2 results in the formation of the 

prostaglandins. PGG is the first product formed from arachidonate; by the endoperoxide 

synthase activity of cyclooxygenase, PGG is then acted upon by the peroxidase activity 

of cyclooxygenase resulting in the formation of PGH. PGH being chemically unstable 

immediately serves as a substrate for various synthases and is further metabolized 

enzymatically by isomerases or nonenzymatically in a time-dependent manner, resulting 

in the synthesis of a multitude of prostaglandins. Figure 1.1 outlines the synthetic 

pathway of prostaglandins and leukotrienes. 

Prostaglandins are in general named as prostanoids as they are essentially 

modifications in the backbone of a generic structure called prostanoic acid. The 

importance of the prostanoids is apparent when one considers that aspirin inhibits the 

synthesis of the various prostanoids by its actions on the cyclooxygenases. 

Cyclooxygenases themselves exist as two isoforms COX-1 and COX-2. COX-1 is 

constitutively expressed and is thought to be a housekeeping enzyme that is important in 
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regulating cellular homeostasis. COX-2 however, is inducible and is the major 

contributor in precipitating adverse inflammatory responses (Williams and DuBois. 

1996). It is to be noted here that COX-2, although considered to be the inducible form, is 

in fact expressed in a non-induced manner in some tissues and therefore may play a 

housekeeping role (Porcher et al., 2002). In order to circumvent the adver.se effects of 

inhibition of COX-1 enzymes, namely the occurrence of gastrointestinal ulcers, recently 

drugs that selectively target the COX-2 enzyme (e.g. Celecoxib'^) have been introduced in 

the market and have shown promise. 

Non-steroidal anti-inflammatory drugs such as aspirin are commonly used to treat 

mild to severe conditions and offer analgesic, antipyretic and anti-inflammatory effects. 

Long-term use of low doses of aspirin is also associated with reduced incidence of 

myocardial infarction and colon cancer. Since the prostanoids, the products of COX 

activity, are responsible for mediating a variety of physiological responses the role of the 

individual prostanoids themselves needed to be evaluated and their mechanisms of action 

detailed. This would provide avenues for designing targeted therapies to treat specific 

pathophysiological conditions. 
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Figure 1.1 Schematic outlining synthesis of eicosanoids from arachidonate 

Arachidonate is acted upon by either the lipoxygenases to produce leukotrienes or by 

cyclooxygenases to produce prostaglandin H2. Prostaglandin H2 is then metabolized by 

specific enzymes to produce prostacyclins, thromboxanes and prostaglandins. 
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1.1.1 Prostanoid Receptors and Isoforms 

It is now known that the prostanoids activate signaling processes by activation of 

specific G-protein coupled receptors (GPCRs). GPCRs are alternatively known as 

heptahelical or serpentine receptors. GPCRs are seven transmembrane spanning proteins 

that have an extracellular amino terminus and an intracellular carboxyl terminal tail. They 

are coupled intracellularly to heterotrimeric G-proteins. Binding of a ligand to its receptor 

results in a change in conformation (usually in the alpha helices of the transmembrane 

domains) resulting in activation of the G-protein heterotrimer. Activation of the G-

proteins (GDP exchanged with GTP) results in the transduction of the extracellular 

stimulus into an intracellular response through activation of second messengers, such as 

calcium and protein kinases. 

There is at least one GPCR for each of the five main prostanoid metabolites, 

PGD2, PGE2, PGF2a, PGI2, and thromboxane A2. Thus, there are five major subdivisions 

of the prostanoid receptors that have been defined pharmacologically. They are the DP, 

EP. FP, IP and TP receptors and are activated by the PGD2, PGE2, PGF2a, PGI2 and TxA2 

respectively (Coleman et al., 1994). The prostanoid receptors have a sequence similarity 

of about 20-30% and have 65 conserved amino acids (a.a.). Of these 65-residues, 34 are 

identical across the prostanoid receptor family. Twenty of the identical amino acids are 

unique to prostanoid receptors and serve as a molecular "signature" (Narumiya et al., 

1999). Functionally, evidence points to involvement of both transmembrane and 

extracellular regions of the prostanoid receptors in ligand binding. Although each 

prostanoid has the highest affinity to its cognate receptor, there is some cross-reactivity 

and ligand binding to other receptors within the family. Interestingly, unlike the biogenic 

amine receptors such as the P-adrenergic receptor, the addition of GTP analogs does not 
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seem to cause any shift in affinity for agonists in the prostanoid receptor family. In fact 

there is some evidence that the G-protein coupled form of the receptor has a lower 

affinity for ligand binding than does the uncoupled form in the presence of GTP7S 

(Negishi et al., 1993). 

The use of recombinant DNA technology has facilitated cloning of cDNAs 

encoding all the prostanoid receptors and elucidating signal transduction cascades elicited 

by the activation of the various receptors (Pierce & Regan. 1998). Multiple subtypes of 

EP receptors were identified that are each encoded by distinct genes. The subtypes of EP 

receptors are the EPl. EP2, EP3 and EP4 and these account for the differential tissue-

specific effects elicited by PGE, analogs. With regards to downstream signaling, the DP. 

IP, EP2 and EP4 prostanoid receptors are coupled to G^ and result in an activation of 

adenylate cyclase. EPl, FP, and TP are coupled to G^ and stimulate phospholipase C to 

produce inositol triphosphate and diacylglycerol. The EP3 receptors are coupled to G, and 

inhibit adenylate cyclase. 

The cloning process also resulted in the identification of further heterogeneity 

through alternative mRNA splicing. Splice variant isoforms were identified for the EPl, 

EP3. FP, and TP receptors. Except the rat-EP 1-variant receptor isoform (rat EPI-var) the 

other alternative splice variants demonstrate a splicing pattern consistent with the use of 

splice sites located in the intracellular carboxyl termini of these receptors. The rat EPI-

var receptor isoform has a splice site in the 6'" transmembrane domain, resulting in the 

formation of a splice variant that does not have an intracellular carboxyl terminal tail. 

Figure 1.2(A) depicts the known splice donor sites in the schematic of the prostanoid 

receptor gene that have been shown to be responsible for expression of alternative splice 

variants. Phyologenetic analysis of the cloned prostanoid receptors based on the 

similarity of their amino acid sequence suggests two main branches (figure 1.2B). The 
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first branch consists of the IP, DP, EP2 and EP4 receptors, while the second branch 

consists of the EPl, FP, TP and EPS receptors. The presence of EP receptor subtypes in 

both branches of the phylogenetic tree suggests that prostanoid receptors may have 

evolved from an EP receptor. Furthermore, the two main branches seem to be subdivided 

on the basis of intracellular G-protein and signaling cascades that the prostanoid receptors 

are coupled to. All the receptors in the top branch are coupled to while the ones in the 

bottom branch are coupled to G^ (EP3, FP, and TP) or G, (EPl). Thus the similarity of the 

prostanoid receptors also correlates to the intracellular G proteins they are coupled to. 

Furthermore, alternative splice variants have been identified for all the prostanoid 

receptors in the lower branch. Alternative splicing does not appear to affect ligand-

binding properties of the receptors, but it does have an impact on G-protein coupling 

specificity and constitutive activity, as well as agonist-induced receptor phosphorylation, 

desensitization and/or internalization (Breyer et al.. 2001). A brief account of the 

prostanoid receptors that express alternative splice variants follows. Each of the receptors 

will be discussed individually with special attention paid to the FP prostanoid receptors. 
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Figure 1.2 General structure of prostanoid receptor gene (A), and phytogeny of 
prostanoid receptors (B) 

The numbers in the boxes in figure 1.2 (A) indicate position of exons that when 

expressed form the 7 TM domains. Positions of splice sites where alternative splicing 

results in receptor isoforms of the rat-EPl receptor and the EP3, FP, and TP isoforms are 

also indicated. Figure 1.2 (B) displays the two main branches of the prostanoid receptors 

based on a.a. homology of the cloned receptors. The prostanoid receptors in the top 

branch (IP, DP, EP2, EP4) are coupled to G^. Prostanoid receptors in the bottom branch 

are coupled to either G^ (TP, FP, EP3), orG, (EPl) (Regan et al., 1994). 
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1.1.2 TP Receptors 

The thromboxane receptor (TP) was the first eicosanoid receptor cloned (Hirata et 

al.. 1991). Two carboxy terminal splice variants of the human thromboxane receptor have 

been described. The original isoform described, was the TPa (343 a.a.) and the second 

one the TPp (407 a.a.) (Raychowdhury et al.. 1995). The TPa was cloned from placenta, 

while the TPp was cloned from endothelial tissue. The TP receptors are expressed in the 

thymus, spleen, lung, kidney, heart, uterus and brain. No differences were ob.served as far 

as ligand binding is concerned. Both TP receptor isoforms couple to phosphatidyl inositol 

hydrolysis. However, at higher concentrations of agonist, the TPa stimulates adenylate 

cyclase, while the TPp inhibits adenylyl cyclase. The TP receptors also couple to G,,, G,,, 

G,, and the novel G-protein transglutaminase G„. The TPp internalizes to a greater extent 

than the TPa (Parent et al., 1999). The internalization of the TPp isoform is G-protein 

receptor kinase, dynamin, P-arrestin and clathrin dependent. Walsh et al. (2000) have 

suggested a putative physiologic role for the TPa isoform in regulating 

thromboxane/prostacyclin-mediated vascular homeostasis. This was based on their 

observation that the TPa variant but not the TPp is a target for prostacyclin-activated 

protein kinase A. 

Physiologically, thromboxane is a potent mediator of platelet aggregation and 

platelet shape change. An aberrant increase in thromboxane synthesis has been linked to 

some cardiovascular diseases such as myocardial ischemia and heart failure. Genetic 

studies in humans have revealed an inherited bleeding disorder involving a defective 

platelet response to thromboxane resulting from a point mutation in the first cytoplasmic 

loop of the TP receptor. Studies on transgenic mice in which the TP receptor has been 

knocked out exhibit a bleeding tendency and resistance to thromboembolism (note: 
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alternative splice variants of the TP receptor have not been demonstrated in mice). 

Therefore, TP receptor antagonists are thought to potentially offer significant healthcare 

benefits. Further characterization of the TP splice variants could offer avenues for 

targeted pharmacological intervention. 

1.2.3 EPl Receptors 

The cloned human EPI receptor cDNA encodes a 402-amino-acid polypeptide 

(Funk et al.. 1993). It is expressed in the kidney, gastric mucosae and adrenal tissue. The 

EPI receptor signals through phosphatidyl inositol hydrolysis and activation of 

intracellular calcium. In the rat, in addition to the EPI receptor the cloning of a variant 

EPI receptor has been reported (Okuda-Ashitaka et al., 1996). The rat EPI-var is spliced 

at a site in TM6, and the resultant receptor does not have a cytoplasmic carboxyl tail. The 

rat EPI-var also is an anomaly as it does not contain amino acids that are highly 

conserved in the seventh transmembrane domains of the other prostanoid receptor 

subtypes and isoforms. Okuda-Ashitaka et al. (1996) have reported that the rat EPI-var 

binds PGEt but that the binding does not translate into an intracellular signal. In fact 

when the rEPl-var is co-expressed with the rEPl in CHO cells, the Ca""^ mobilization 

mediated by the rEPI is attenuated. Furthermore, when the rEPI-var is transfected into 

CHO cells activation of the endogenous EP4 was strongly blocked. This is thought to 

occur by antagonism of signaling by heterodimerization of the EPI receptor isoforms. 

Alternatively the rEPl-var may serve as a sink by binding PGEi and thereby competing 

with the rEPl receptor for the agonist PGE2. The precise mechanism is yet to be clarified. 

Physiologically EPI receptor activation is known to cause constriction of smooth 

muscle and is involved in pain related to chronic inflammation. EPI receptor antagonists 
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appear to have analgesic effects (Kawahara et al., 2001). An EPI receptor antagonist that 

does not have any gastric or renal side effects is being sought by the pharmaceutical and 

healthcare industries. Transgenic knockout mice that do not express the EPI receptor 

show decreased aberrant foci formation (aberrant foci are early indicators of colon 

cancer) when treated with azoxymethane (known toxicant that induces colon cancer) 

(Narumiya and FitzGerald. 2001). This could underscore a significant role of EPI 

receptor signaling in some colon cancers and result in the use of EPI antagonists as a line 

of therapy against colon cancer. 

1.1.4 EP3 Receptors 

The presence of many alternatively spliced variants defined by distinct carboxyl 

terminal tails makes the EP3 receptor unique in the prostanoid receptor family. The 

predicted molecular mass of the EP3 receptor isoforms varies between 40-45 kDa (Breyer 

et al., 2001). Eight isoforms of the human EP3 receptor have been identified. It i.«; 

robustly expressed in various tissues, including kidney and uterus. One of the basic 

questions that a number of studies have tried to address is the pharmacological 

significance of the alternative splice variants. Key areas investigated include alternate 

pathways of signal transduction, phosphorylation and desensitization, intracellular 

trafficking and constitutive activity. Differences were found when the coupling of the 

four bovine EP3 receptor isoforms to G-proteins and subsequent intracellular signaling 

were studied. Namba et al. (1993) discovered that of the four EP3 receptors they had 

cloned, two coupled to both inhibition of adenylyl cyclase activity and stimulation of 

phosphatidylinositol (PI) hydrolysis. The other two isoforms coupled solely to inhibition 

of adenylyl cyclase activity. Adding to the complexity it was further demonstrated that of 
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the two that coupled to both inhibition of adenylyl cyclase activity and stimulation of PI 

hydrolysis, one coupled to a pertussis toxin-sensitive G-protein (G/GJ while the other 

coupled to pertussis toxin-insensitive G^. A recent study has further shown that a bovine 

EP3 receptor isoform induces neurite retraction by activating the small G-protein rho 

(Katoh et al., 1996). Constitutively active mutants of G-protein subtypes G,,, G,,. or G^ 

can initiate the rho-dependent signal transduction pathway. It therefore stands to reason 

that the EP3 receptor can be coupled to either one or all three (GiVGi/Gj G-proteins. 

Desensitization of GPCRs is usually associated with phosphorylation of the 

intracellular carboxy terminal tail. Differences were found between some of the splice 

variants of the EP3 receptors with regards to desensitization. Studies on the mouse EP3a 

and EP3P isoforms showed that these two isoforms respond differently to long-term 

agonist exposure. The EP3a isoform desensitized while the EP3P did not. With regards 

to receptor distribution in cells, the EP3 receptor isoforms may be localized like other 

GPCRs in the cell membrane, but in the case of some isoforms the receptors localized to 

the nuclear envelope (Hasegawa et al., 2000). Finally, some of the EP3 receptor isoforms 

have enhanced basal signaling activity, suggesting an agonist-independent constitutive 

activation. The constitutive activity has been observed in the case of the mouse EPSy 

isoform (Negishi et al.. 1996). Despite extensive efforts to characterize the various EP3 

receptor isoforms physiological consequences of the alternative splice variants of the EP3 

receptor has not yet been determined. 

Physiologically, the EP3 receptors were originally characterized as constrictors of 

smooth muscle. Studies with EP3 receptor knockout mice have shown an important role 

for the EP3 receptors in febrile response to pyrogens, duodenal bicarbonate secretion and 

mucosal integrity (Ushikubi et al., 2000). The EP3 receptor knockout mice also showed 

an enhanced vasodepressor response to intravenous infusion of PGEt and disappearance 
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of indomethacin-sensitive urine diluting function (Narumiya and FitzGerald, 2001). The 

potential of EP3 receptor antagonists as anti-pyretic drugs is now being given attention. 

1.1.5 FP receptors 

The FP receptors are GPCRs whose physiological agonist is PGFia. FP receptors 

have been cloned from a number of species including human, mouse, bovine and ovine 

(Abramovitz et al.. 1994; Sakamoto et al.. 1994; Sugimoto et al.. 1994; Pierce et al., 

1997). The cDNA of the human FP receptor was cloned from a human kidney cDNA 

library and encodes a protein of 359 a.a. (Abramovitz et al., 1994). Pierce et al. (1997) 

cloned a carboxyl-terminal isoform of the prostanoid FP receptor from an ovine mid-

cycle large cell corpus luteum library. The screening of the ovine corpus luteum library 

for a FP receptor isoform was based on two facts. First, phylogenetic analysis of the 

prostanoid receptors showed that the cloned receptors segregate into two branches 

(previously described in this chapter) (Pierce and Regan, 1998). The first branch 

contained the DP, IP. EP2 and EP4 receptors for whom no splice variants have been 

described to date. The second branch consisting of the EPI, EP3, TP and FP receptors 

had two receptors (EP3 and TP) that were alternatively spliced. It was therefore 

hypothesized that alternate splice variants of the FP receptor might exist. The ovine mid-

cycle corpus luteum library was chosen as the authors had previously used the library to 

clone the ovine homologue of the FP receptor. During the cloning they had noted an 

unusually high level of message for the FP receptor, almost 0.1 % of the total message. It 

was therefore prudent to use the ovine mid-cycle corpus luteum library. The authors 

applied homology based screening using the ovine FP receptor as a probe, in combination 

with PGR, to clone an alternative splice variant of the FP receptor. The presence of the 
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alternatively splice variant FP receptor isoform was confirmed using PCR of genomic 

DNA from sheep and also cDNA from the sheep corpus luteum. This alternative splice 

variant, now called the FPQ, was identical to the original FP receptor, now known as the 

FP^, except in the carboxyl terminal tail. The sequence diverges after 9 a.a. into the 

intracellular carboxyl terminal tail, such that the FPj, isoform extends only one more 

amino acid (isoleucine) while the receptor isoform extends for an additional 46 a.a. 

(Figure 1.3). Initial pharmacological characterization of the FP^ receptor isoform were 

performed with transient transfection of expression vectors containing the FP^ sequence 

into COS cells and HEK-293 cells. These studies showed that both ovine FP receptor 

isoforms like the FP receptors cloned from other species are coupled to stimulation of PI 

hydrolysis putatively through coupling to CyG,, G-protein subunits. The authors also 

noted that the cells expressing the isoform had a basal level of IP accumulation that 

was -130% more than the basal IP accumulation of the FP^ isoform. This suggested that 

the FPQ isoform, but not the FP,^ isoform, is constitutively active meaning that activation 

occurs independent of agonist. Similar results were obtained from both COS-7 and HEK-

293 cell lines in which the receptors were transiently expressed. Therefore, suggesting 

that the observed constitutive activity of the FP^ was not cell type specific. 

Although both the FP prostanoid receptor isoforms coupled to activation of G^, 

there was some evidence that these isoforms may exert some of their physiological 

effects by activation of additional second messengers. Notably, in isolated 

cardiomyocytes, the PGFin-induced hypertrophy and atrial natriuretic factor expression is 

independent of PKC activation (Adams et al., 1996). This was surprising because PKC 

inhibitors do not block the hypertrophic responses induced by other drugs including 

phorbol myristyl acetate (PMA) and phenylephrine. The insensitivity of PGFia-induced 

cardiac hypertrophy to PKC inhibitors pointed out that PGF2a could activate additional 
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signal transduction patiiways that are distinct from the known activation of G^. 

Furthermore, activation of these pathways may be important in regulating some of the 

physiological actions of PGFia including cardiomyocyte hypertrophy. To gain further 

understanding into the diversity of the signal transduction pathways activated by the FP^ 

and FPg receptor isoforms, HEK-293, EBNA cells that stably express each of these 

isoforms were generated and downstream signaling was examined. 

We found that the cells that were stably expressing either FP receptor isoform 

when stimulated with POF^a undergo a morphological change (Figure 1.4) (Pierce et al.. 

1999). Thus, treatment of FP expressing cells with PGF2a resulted in retraction of 

filopodia. cell rounding and a cobblestone appearance. Furthermore, we found that this 

shape change was not blocked by the protein kinase C inhibitor bisindolylmaleimide 

(BIM). PMA itself also caused a shape change, but the effect of PMA was completely 

blocked by BIM. These results taken together suggested that the FP receptors are coupled 

to additional intracellular signaling pathways besides the stimulation of PI hydrolysis. 

The first clue about the identity of the G-proteins responsible for the shape change was 

obtained using immunohistochemical techniques. FP receptor expressing cells were 

treated with either vehicle or 1 |J.M PGF^u for 1 h and were fixed using 4% 

paraformaldehyde. When stained with phalloidin, conjugated directly to a fluorescent 

probe, clear induction of actin stress fibers was noted. Phalloidin specifically binds 

filamentous actin. It was also determined that C3-exoenzyme. a specific inhibitor of the 

small G-protein rho, blocked both the shape change and induction of stress fibers. Further 

implicating a rho-dependent signaling pathway, it was shown that focal adhesion kinase 

(FAK) tyrosine phosphorylation was blocked by C3-exoenzyme pretreatment. In several 

systems, it has been shown that the activation of FAK is downstream of rho. There are 

several examples of other G-protein coupled receptors that are able to couple to a 
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classical G-protein coupled pathway (G^ or G,) and to a separate rho-dependent pathway. 

For instance, the thrombin receptor, like the FP prostanoid receptor isoforms, is a G^-

coupled receptor that stimulates changes in cell morphology that are independent of PKC 

activation and intracellular calcium release and are pertussis-toxin insensitive (Majumdar 

et ah, 1998). Like the FP receptor isoforms the changes in ceil morphology induced by 

thrombin are sensitive to C3 exoenzyme, demonstrating that the changes in cell 

morphology are rho-dependent. 

Although we have demonstrated that rho is involved in the FP^ and FPj, receptor 

mediated changes in cell morphology, the pathway leading from the receptor to rho 

remains unknown. We speculate that the pathway involves the activation of the 

heterotrimeric G-proteins G,, and G,,. The immediate effectors of these two G-proteins 

are not well characterized, however, previous studies have demonstrated that direct 

injection of constitutively active forms of either of these G-proteins into Swiss 3T3 cells 

induced the formation of actin stress fibers that were blocked by the injection of C3-

exoenzyme (Buhl et al., 1995). Besides the formation of stress fibers, G,, and G,, have 

also been implicated in the rho-mediated tyrosine phosphorylation of pi25 FAK 

(Needham and Rozengurt, 1998). Since our findings indicate that the FP receptor 

isoforms couple to the rho-dependent formauon of actin stress fibers, the heterotrimeric 

G-proteins G,, and G,, are likely effectors. Thus, we have shown that both FP receptor 

isoforms are coupled not only to G^ but also activate a rho-dependent pathway (Figure 

1.5). Of note, the carboxyl-terminal tail of the FP receptors does not determine specificity 

to G^ coupling or activation of rho-dependent pathways upon stimulation of either FP 

receptor isoforms by PGF^a-

All the initial experiments with the FP receptor isoforms indicated that both 

receptors had similar ligand-binding profiles and similar stimulation of agonist-induced 
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PI turnover. We have also shown that both FP receptor isoforms signal through a rho-

dependent pathway resulting in activation of stress fibers, phosphorylation of FAK and 

rounding of cell shape. The first evidence that differences exist between the FP receptor 

isoforms came from our observation that the PGF2a-induced shape change reverses in the 

FP^, but in the FP(, the reversal is very slow (delayed) and may not reverse completely at 

all as shown in figure 1.4 (Fujino et al., 20(X)a). This delayed reversal of FP^ receptor 

expressing cells also correlated with persistence of actin stress fibers and phosphorylation 

of FAK. A role for receptor resensitization was speculated to contribute to this 

observation. Thus the FP„ receptor expressing cells resensitize much slower than the FP^ 

expressing cells (Figure 1.4). The phenomenon of delayed reversal of cell shape could be 

important toward understanding the physiological actions of PGF2a. 

Physiologically, the FP receptor is involved in a variety of processes including 

inflammation, regression of the corpus luteum (luteolysis) and cardiac hypertrophy. 

Transgenic knockout mice that do not express the FP receptor fail in parturition. It is 

interesting that the transgenic FP (-/-) mice lived and that the only consequence of 

knocking out the FP gene was that the mice failed to give birth (Sugimoto et al., 1997; 

Narumiya and FitzGerald. 2001). This could however, be explained by a different role for 

FP receptors in mice as compared to other animals. In modem medicine, latanoprost an 

analog of PCF^A is the treatment of choice for treating glaucoma. PGFIQ is also used in 

gynecology and obstetrics. Study of FP receptors is therefore of Interest to the 

pharmaceutical industry. 
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FP Prostanoid Receptor Isoforms 
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The FP„ is truncated here 

Figure 1.3 Ovine FP receptor isoforms 

A generalized model of the ovine FP GPCRs is shown. The arrow indicates where the 

isoforms diverge from one another. The amino acids that are unique to the two FP 

receptor isoforms are indicated to the right of the figure. 



Figure 1.4 Reversability of the FPA and the FPB receptor isoforms after treatment 
with 1 PGF2a for 1 h, at 37"C 

The column to the left is for the FP^ receptor expressing cells while the column to the 

right shows the FP^ receptor expressing cells. Both the FP,^ and FP„ receptor isoforms 

when treated with 1 |iM PGF2a cause a shape change in the HEK-293 cells they are 

expressed in, such that the cells retract their arms and undertake a cobblestone 
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appearance (2"" row). After the PGF2a is washed out (W/O) the FP^ ceils regain their 

original morphology while the FP^ cells do not (3"" row). In the continuous presence of 

PGF^a both FP^ and FP„ cells present a phenotype with retracted arms, with cobblestone 

appearance (4'" row). 
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Figure 1.5 FP receptor isoforms are coupled to two distinct pathways 

Both the FP^ and FP^ receptor isoforms are coupled to and activate phospholipase C to 

produce inositol triphosphate (IPS), and diacylglycerol (DAG). The IPS in turn binds to 

its receptor on the endoplasmic reticulum leading to a release of the second messenger 

Ca""^. DAG leads to activation of protein kinase C (PKC). The other pathway activated by 

the FP receptor isoforms when activated by PGFIQ is activation of rho, which leads to 

phosphorylation of FAK and induction of stress fibers. PMA is a specific activator of 
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PKC that induces a shape change of the FP expressing cells, but does not induce stress 

fibers. BIM is a specific inhibitor of PKC. 
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1.2 Hypotheses and Aims 

Carboxyl terminal splice variants of the EP3 and TP receptors have shown 

differences in phosphorylation and desensitization. cellular localization, constitutive 

activity and intracellular signal transduction. In order to answer the question "What is the 

functional significance of FP receptor splice variants?" we explored the possibility of 

differences between the FP receptors with regards to phosphorylation, desensitization, 

internalization and activation of signal transduction pathways. The overall hypothesis of 

my work was that functional differences exist between the ovine FP receptor 

isoforms. 

Towards testing my hypothesis I first generated HEK-293 ceil lines that stably 

express FLAG-epitope tagged FP receptor isoforms (according to Mosby's medical 

dictionary, an epitope is defined as an antigenic determinant that causes a specific 

reaction by an immunoglobulin. It consists of a group of amino acids on the cell surface). 

The resulting stable cell lines would be used to test for phosphorylation and 

desensitization. The cells lines would also be used to examine agonist-dependent effects 

on internalization of the FP receptor isoforms. If internalization does occur, the 

mechanisms by which the receptors internalize would be elucidated. There is some 

evidence of activation of mitogen activated protein kinases (MAPKs) including 

extracellular signal regulated kinases (ERKs) by heptahelical receptors (Heuss and 

Gerber, 2000). The possibility of differences between PGFia-induced activation of ERKs 

by FP receptor isoforms will be explored. 
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CHAPTER TWO 

GENERATION OF FLAG EPITOPE-TAGGED FP RECEPTOR ISOFORMS 
AND THEIR CHARACTERIZATION 

Portions of this chapter previously appeared in Fujino, H.. Srinivasan, D.. Pierce, KL., 

and, Regan, JW. (2000) Differential Regulation of Prostaglandin F^a Receptor Isoforms 

by Protein Kinase C. Molecular Pharmacology, 57: 353-359 
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2.1 Introduction 

A simple observation by Euler and colleagues in 1930 that chemicals in seminal 

fluid could have smooth-muscle stimulating activity gave birth to the field of prostanoid 

research. Intense research over the past 70+ years has produced intricate details about a 

number of prostanoids and the complexity of their actions (Funk, 2001). The main 

prostanoids trigger an intracellular response by activating specific G-protein coupled 

receptors (GPCRs). Thus. PGDi, PGE2, PGF^a. PGI2, TXA2 bind with the DP. EP, FF, IP 

and TP receptors respectively. PGEi is unique in that it can serve as a ligand for four 

different EP receptors (EPl-4), each encoded by separate genes. Further heterogeneity 

was observed among the prostanoid receptors with the identification and cloning of 

alternative splice variants for the EPl, EP3, FP, and TP receptors. The alternative splice 

variants usually represent a truncation of the intracellular cytoplasmic tail. The role of the 

intracellular carboxy terminal tail of a number of GPCRs such as the ^-adrenergic 

receptors is important in the regulation of intracellular signaling and cellular localization 

of the receptors. As concerns the prostanoid receptors, differences have been found 

amongst the various isoforms. Thus, isoform specific differences with regards to their 

phosphorylation and desensitization, constitutive activity, internalization, intracellular 

coupling to G-proteins, tissue distribution as well as constitutive activity have been 

found. Although some progress has been made towards establishing the physiological 

significance of prostanoid receptor isoforms there remains a lot to be determined. 

In our laboratory. Pierce et ciL, (1997) reported the cloning and characterization of 

a carboxyl terminal splice variant of the FP receptor. The truncated isoform is now 

known as the FP^ while the originally identified isoform is known as the FP,^. Both FP 

receptors were also shown to be coupled to PI hydrolysis, as well as capable of signaling 
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through the small G-protein rho (Pierce et al., 1999) however, no differential effect on 

signaling through either FP isoform was observed. We then set about identifying other 

aspects of intracellular signaling, wherein differences exist, between the FP receptors, 

particularly investigating the contribution of the truncated carboxy terminal tail (C-tail). 

In order to study the role of the C-tail, we needed to be able to recognize the FP receptor 

isoforms with specific antibodies against the FP receptor isoforms. Towards this end. 

antibodies were generated against the common region of the FP receptor isoforms as well 

as specifically to the C-tail of the FP^ isoform. Although, the C-tail antibodies recognized 

the FP,^ receptor with specificity, the sensitivity of the common antibody to recognize 

either FP receptor isoforms left a lot to be desired. It was also impossible to generate 

antibodies specifically against the FP,, isoform as the FP,, receptor differs from the FP^ 

receptor by one a.a. We therefore chose to epitope tag the FP receptors. An epitope can 

be defined as a sequence of amino acids that can generate a specific immune response, 

such that antibodies can be raised that specifically detect the a.a. sequence. 

A number of epitopes have been used to generate fusion proteins expressing the 

epitopes. These include, among others, the hexahistidine, hemagglutinnin, green 

fluorescent protein as well as the FLAG epitopes. The FLAG-epitope is a sequence of 

eight amino acids (DYKDDDA) that are specifically recognized by commercially 

available monoclonal antibodies. The FLAG-epitope has been used successfully by a 

number of groups to tag GPCRs without affecting the function or localization of GPCRs 

(Yu and Hinkle, 1997; Vicentic et al., 2002). We therefore chose to generate FLAG-

tagged constructs of our FP receptor isoforms (both the FLAG-FP,^ and the FLAG-FP„). 

The FLAG-epitope itself could be introduced either in the carboxy terminus of the FP 

receptors or at the amino terminus. Since the C-tail of the GPCRs is very important to 

cellular signaling mediated by them (Duran-Avelar et al., 2001) we decided to make 
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amino termini constructs so as to not artificially modify signaling. The amino terminus 

FLAG-epitope tagged FP receptor isoforms would behave exactly like the normal FP 

receptor isoforms as the FLAG a.a. sequence would not interfere with either agonist 

binding or modulate intracellular signaling. 

In this chapter work will be reported that details the strategy employed to generate 

FLAG-epitope tagged FP receptor constructs and HEK-293 cells stably expressing either 

FLAG-tagged receptor isoform. Furthermore, functional characterization of the FLAG-

tagged receptors will be presented. 

2.2 Experimental Procedures 

2.2.1 Preparation of FLAG-Tagged Ovine FP^ and FP„ Receptor Isoforms 

FLAG epitopes were introduced into the amino termini of the ovine FP^ and FP,, 

receptor isoforms by a two-step polymerase chain reaction (PGR) followed by a triple 

ligation reaction. In the first PGR, using the ovine FP^ as a template, a product was 

generated using a sense primer [59-ATC TTG TGC GTG GTG TTG GGC GAC TAG 

AAG GAC GAT GAT GAC GCT AGC ACG AAC AAT TCT GTA CAG-39 

(underlining shows the FLAG epitope sequence)] encoding the FLAG epitope, part of a 

hemagglutinin (HA) signal sequence and the amino terminus of the ovine FP^ 

(nucleotides 106-123; Pierce el al., 1997); and an antisense primer [59-GGT CCT TGA 

AGC TTG AAT TTT-39 (underlining shows Hindlll restriction site)] containing a unique 

Hindlll site from nucleotides 631-651 of the ovine FP^. This first product was resolved 

by agarose gel electrophoresis and purified using Geneclean (Bio 101, Vista, CA). It was 

then used as the template in a second PGR with the same antisense primer as before and a 

new sense primer [59-CC CTG GAG GGC ACC ATG AAG ACG ATC ATC GGC GTG 
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AGC TAC ATC TTC TGC CTG GTG TTC GCC-39 (underlining shows Pstl restriction 

site; bold and underlining show the initiator methionine and start of the HA signal 

sequence)] that partially overlapped the previous sense primer and encoded the rest of the 

HA signal sequence, a Kozak consensus sequence and a unique Pstl site. Both reactions 

were performed using Deep Vent DNA polymerase (Boehringer Mannheim. Germany) 

with the following thermocycler conditions: after an initial denaturation for 8 min at 

99°C, the samples were subjected to 40 cycles consisting of 1 min at 99°C. 1 min at 

55°C. 1 min at 75°C. followed by a final extension for 7 min at 75°C. The product of the 

second PGR reaction was then used in a threeway ligation to yield the final FLAG-tagged 

FP^ and FP^ constructs as follows. The second PGR product was purified as before and 

was digested with Hindlll and Pstl and repurified. The ovine FP^ in pBluescript KS(1) 

was digested with Hindlll and £coRI and the smaller fragment encoding the 3' end of the 

FP^ was purified (nucleotides 639-1710; Pierce et al., 1997). A modified pBluescript 

KS(1) in which the Hindlll site was previously removed was digested with Pstl and 

£coRI and the 2.9-kilobase plasmid backbone was purified. These three fragments were 

then ligated together and used to transform DH5-a cells (Life Technologies-BRL). 

Plasmids encoding the FLAG-tagged FP^ (FP,^-FLAG/KS 1) were identified by mini-prep 

and restriction enzyme analysis. Plasmids encoding the FLAG-tagged FP^ (FP^-

FLAG/KSl) were prepared in an identical manner using the product obtained from a 

Hindlll/EcoRI digestion of the ovine FP^ in pBluescript KS(1) (nucleotides 639-1430; 

(Pierce et al.. 1997)). The final constructs were verified by DNA sequencing. 

Functionality and expression of the receptors was confirmed by transfection of DNA into 

HEK-293 cells followed by radioligand binding, agonist stimulated IP formation and 

immunofluorescent labeling. 
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2.2.2 Preparation of Cells Stably Expressing the FP^ and FP^ Isoforms 

HEK cells (293-EBNA; Invitrogen, Carlsbad, CA) stably expressing either the 

ovine FLAG-FP^ or FLAG-FPj receptor isoforms were prepared as follows. cDNA 

encoding either the FLAG-FP^ isoform or the FLAG-FP^ isoform was subcloned into the 

XhoUNotl sites of pCEP4 (Invitrogen) to yield the plasmids pCEP4/FLAG-FP^ and 

pCEP4/FLAG-FP(,. For each plasmid, 20 fig of cesium-purified plasmid DNA was used 

to transfect one 10-cm plate of HEK cells using the calcium phosphate method. The HEK 

cells were grown on 10-cm plates to a confluency of about 50%. In a 15 ml conical tube, 

20 |ig of either pCEP4 FLAG-FP^ or pCEP4 FLAG-FP^ DNA was incubated with 500 (j.1 

of sterile 250 mM CaCl,. Five hundred (il of 2x HEPES buffered saline (2x HBS. 280 

mM NaCl, 50 mM HEPES acid, 1.5 mM Na^HPO^ pH 7.05-7.12) was added drop by 

drop using a Pasteur pipette with vortexing. The DNA/calcium phosphate solution was 

allowed to incubate at room temperature for 30 min, then 9 ml of DMEM was added to 

DNA mixture. The cells were then washed 2x with sterile PBS (5 ml/ rinse), and the 

DMEM/DNA solution was then slowly added over the cells. The cells were then 

incubated for 5 h at 37"C/5% CO, incubator. Following the incubation the calcium 

phosphate solution was removed and the cells were treated with a 10% glycerol solution 

diluted in DMEM for 2 min at room temperature. After aspirating the glycerol solution 

the cells were then maintained in DMEM with 10% FBS, without antibiotics at 37"C. 

Two days after transfection, the cells were treated with 200 ^ig/ml of hygromycin B; 

approximately 8 days later, hygromycin B-resistant clones were plated onto 96 well 

plates using a limiting dilution of 0.2 cells/well. From the wells in the 96 well plates that 

grew clones, cells were transferred first to a 24 well plate, and then to 12 well plates. 

After reaching confluence, the cells were transferred to 6-well plates and further 
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expanded to 10-cm plates. Cells were maintained at 37"C with 5% COy95% air and in 

DMEM containing 10% fetal bovine serum, 250 (ig / ml geneticin, 200 |ig/ml of 

hygromycin B, and 100 |ig/ml gentamicin. pCEP4. Expression of the FLAG epitope was 

verified by immunofluorescence microscopy using the FLAG-M2 monoclonal antibody. 

Functionality of the receptors was confirmed by radioligand binding and agonist 

stimulated IP formation. 

2.2.3 Radioligand Binding 

Competition radioligand binding studies were performed as follows. Cells stably 

expressing either the FT^AG-FP^ or the FLAG-FP^ receptor isoforms were grown to 

confluency on a 10-cm plate. The medium was aspirated and I ml of MES binding buffer 

(10 mM MES, pH 6.0, 10 mM MnCK, 0.4 mM EDTA) was added. The cells were then 

scraped and the lysates were transferred to Falcon 2059 14 ml tubes on ice and frozen 

using a dry ice/ethanol mixture. The lysates were thawed on ice and sonicated for 3 

seconds using a probe sonicator. The binding reactions were set up such that each tube 

contained 100 |il of lysates, 2.5 nM ['HJPGFia, appropriate concentrations of competitor 

untritiated PGF2a (10" - 10' M) and MES such that each tube had a final volume of 200 

|il. Tubes containing no cold PGFja or membranes were also added so as to determine 

total binding and non-specific binding. The reactions all done in duplicate were then 

incubated at room temperature for I h, and harvested using a Brandel cell harvester using 

wet Whatman GF/B glass fiber filters and ice cold MES. The contents of each binding 

reaction tube were first aspirated onto the filters. The filters were then washed three times 

with ice-cold MES binding buffer. The filters were then dried and transferred to 

scintillation vials. Nine ml of Safety-Solve (Research Products International) high flash 
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point scintillation cocktail was added to each vial and after vortexing the radioactivity 

was determined by liquid scintillation counting using a Beckman LSI00 scintillation 

counter. The data was then analyzed using GraphPad Prism software. 

2.2.4 Inositol Phosphate Accumulation Assay 

Inositol phosphate accumulation assays were performed using anion exchange 

chromatography as previously described (Anthony et al., 2000). Briefly, cells were grown 

to confluency in 12 well plates. The cells were serum starved in inositol free DMEM ( 

GIBCO-BRL) ovemight with 0.2 mM myo- [2-'H]inositol ( Amersham, UK). After ~16h 

the media were aspirated and replaced with serum free DMEM for 1 h. The cells were 

then incubated with .serum free DMEM containing 10 mM LiCli for 10 min at 37"C. The 

cells were then either treated with vehicle or various concentrations of PGF,a for 1 h at 

37"C. After 1 h the media was aspirated and the cells were washed Ix with ice cold PBS. 

One ml of ice-cold methanol was then added to each well, and the cells were scraped into 

glass tubes containing a mixture of 1 ml chloroform and 500 |il of water. The samples 

were vortexed (10 sec per tube) and centrifuged for 15 min in a Beckman tabletop 

centrifuge, at 2400 rpm at 40"C. Nine hundred (il of the top aqueous layer from each tube 

was then transferred to tubes containing 2 ml of ddH20. The samples were vortexed as 

before and applied to freshly packed 2.5 ml anion-exchange columns (AGI-X8, Formate 

form, Biorad Industries). The columns were then sequentially washed 3x with 5ml of 

ddH20, 2x with 5 ml IP assay wash buffer (5 mM sodium tetraborate/60 mM sodium 

formate). The total inositol phosphates were then eluted using 2 ml of IP elution buffer 

(200 mM ammonium formate/100 mM sodium formate) directly into scintillation vials. 

Nine ml of scintillation cocktail was added to each vial and the vials were subjected to 
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liquid scintillation counting. Data was analyzed using Graphpad Prism software. 

2.2.5 Immunofluorescent Staining of Transfected Cells 

FLAG-tagged FP^ or FP^ cells were grown on 6 well plates containing 22 mm 

round glass coverslips. The cells were then fixed for 15 min in freshly made 4% (w/v) 

paraformaldehyde (in PBS). To quench the formaldehyde, the cells were washed 3x with 

0.1 M glycine (pH 7.4) for 10 min each at room temperature. To permeabilize the cells, 

antibody permeabilization buffer (2 X SSC/0.1% Triton-X 100) was added to each well 

and the cells incubated for 30-60 min at room temperature. To prevent non-specific 

binding the cells were incubated in blocking buffer (2 X SSC, 0.05% Triton-X 100. 2% 

goat serum, \% bovine serum albumin) for 30 min. Primary antibody (anti-FLAG M2 

mouse monoclonal antibody. Sigma) was then added at a dilution of 1:500 in antibody 

blocking buffer for I h at room temperature. The cells were washed 3x with antibody 

wash buffer (2X SSC/0.05% Triton-X 100) for 10 min each and incubated for 1 h at room 

temperature with a 1:1000 dilution of a fluroscein isothiocyanate (FITC)-conjugated 

rabbit anti-mouse secondary antibody (Sigma). After washing the cells 3x 10 min each 

wash with antibody wash buffer the coverslips were mounted on slides using p-

phenylenediamine (Sigma) and sealed using cytoseal. The slides were then viewed using 

an Olympus epifluorescent microscope, images were captured using a Cohu CCD camera 

and analyzed using IPLAB Spectrum software. 

For the phalloidin labeling experiments, the procedure used was the same as 

above with the following changes. The cells were treated with either vehicle or I 

PGFia for 1 h at 37"C, 5% CO2. After fixing, permeabilizing, quenching and blocking as 

above the cells were incubated with phalloidin (1:1000 dilution. Molecular Probes) 
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directly conjugated to the fluorescent dye Texas Red Isothiocyanate (TRITC) for I h at 

room temperature. The cells were then washed as before and mounted on slides using p-

phenylenediamine. 

The specificity of both the anti-FLAG M2 antibody as well as the TRITC 

conjugated phalloidin allowed for dual labeling. The procedure for the dual labeling 

followed the labeling protocol for labeling with the anti-FLAG M2 antibody with one 

change. The TRITC conjugated phalloidin was added to the cells along with the FITC 

conjugated anti-mouse secondary antibodies. 
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2.3 Results 

The constructs of the FLAG-tagged FP^ and FPu receptor isoforms were generated 

using PGR cloning strategy. First KS/+ bluescript vectors lacking a Hindlll site in their 

multiple cloning region were generated by cutting the vector using the Hindlll restriction 

enzyme, filling the overhangs generated using klenow and then religating the vector. As 

detailed in the experimental procedures section, a two-step PGR process was used to 

generate the FLAG- tagged constructs. Figure 2.1 shows, an ethidium stained agarose 

(1%) DNA gel containing the product of the 2"'' PGR and the KS+/ HindUI{-) FP^ and FP^ 

constructs that were digested with Pstl and Hindlll. The bands indicated were isolated 

and used for the subsequent ligations. The FLAG-tagged FP^ and FP^ receptor constructs 

(KS/+ bluescript, pGDNA3, and pGEP4) were evaluated for sequence integrity using a 

sequencer at the LMSE facility at The University of Arizona. The sequence data was 

analyzed and the FLAG-epitope was confirmed to introduce no frame shifts at the amino 

termini of both FP receptor isoforms. Figure 2.2 outlines the amino acid sequence 

information from the pGDNA3 constructs and indicates the sequence corresponding to 

the FLAG epitope. Transient transfection of the FLAG-tagged constructs was performed 

in HEK-293 cells and functional expression of the receptors was confirmed by dual 

labeling of the cells with an anti-FLAG-M2 antibody and phalloidin conjugated to 

TRITC (data not shown). Stimulation of either FP receptor isoform expressing cells leads 

to induction of stress fibers that can be detected by TRITC conjugated phalloidin labeling 

(Pierce et al., 1999). 

The pGEP4-FP^ and FPi, constructs were used to generate the stable cells lines. 

This vector contains the human cytomegalovirus (GMV) immediate early-response gene 

enhancer-promoter, gene encoding hygromycin B resistance, ampicillin resistance for 

culture in E.coli as well as the genes required for replication. The GMV gene allows 
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constitutive expression in a variety of mammalian cells lines and the hygromycin B gene 

allows for the selection of cells that have incorporated the DNA. In addition, both pCEP4 

and the HEK-293 (EBNA) cells (Invitrogen) contain portions of the Epstein Barr Nuclear 

Antigen-1 (EBNA). The EBNA allows for high copy episomal replication of the plasmid 

constructs and expression of the protein encoded by the plasmid is not dependent on 

incorporation of the plasmid into the host cell genome. To screen the clones for 

expression and function, three techniques were used. First the putative clones were 

subjected to immunohistochemistry through dual labeling using the anti-FLAG M2 

antibody and phalloidin conjugated to TRITC. As shown in figure 2.3 (Top panels), the 

positive clones showed FLAG labeling in the membrane as well as in an intracellular 

pool. The labeling with the FLAG antibody confirmed expression. The bottom panels of 

Figure 2.3 show the phalloidin labeling where the presence of stress fibers is clearly seen 

upon treatment of the clonal cells with I |iM PGF,a. The presence of stress fibers upon 

stimulation of the HEK cells, stably expressing either FP receptor isoforms, with PGF2a 

is consistent with the presence of functional receptors. Untransfected HEK cells did not 

show any FLAG labeling or presence of stress fibers upon stimulation with PGFia (Data 

not shown) and served as good negative controls. 

To quantify the expression levels of the receptors, a competition radioligand 

binding assay was performed with the clonal cells that showed functional expression of 

the receptors as determined by immunofluroscence microscopy. As shown in figure 2.4, 

the selected clones clearly demonstrated the presence of membrane-bound FP receptors 

as the binding of the ['HjPGFia was blocked by increasing amounts of PGF2a in a dose 

dependent manner. 

Finally the clones that showed similar expression levels by radioligand binding 

determination of the receptor isoforms were selected and total inositol phosphate 



57 

accumulation at a fixed time (1 h) and dose (1 |iM) of PGF2a treatment was assayed. 

Clones that showed similar total inositol phosphate (IP) accumulation levels were 

selected, and expanded for use. The IP response of the clones that were selected is shown 

in figure 2.5. Table 2.1 shows that the selected clones, stably expressing the FLAG-

tagged FP^ and receptor isoforms, have similar levels of receptor expression. Further 

the receptor expression compares favorably with that of the non-epitope tagged FP^ and 

FPQ receptor expressing stable cell lines. 
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PCR M.W. FP, FP„ 

Figure 2.1 Generation of FLAG-tagged constructs 

The second PCR product, as well as the wild-type FP^ and FP^ constructs were digested 

with pstl and Hincilll restriction enzymes. The PCR product band (PCR) and the higher 

bands from the FP,^ and FP^ lanes were gel purified and ligated. 
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FLAG-FP^ amino acid sequence 

MKTIIALSYIFCLVFADYKDDDDASTNNSVOPVSPASELLSNTTCOLEEDLSISFSII 

FMTVGILSNSLAIAILMKAYQRFRQKYKSSFLLLASALVITDFFGHLINGTIAVFVY 

ASDKDWIYFDKSNILCSIFGICMVFSGLCPLFLGSLMAIERCIGVTKPIFHSTKJTTK 

HVKMMLSGVCFFAVFVALLPILGHRDYKIQASRTWCFYKTDQIKDWEDRFYLLL 

FAFLGLLALGISFVCNAITGISLLKVKFRSQQHRQGRSHHFEMVIQLLGIMCVSCIC 

WSPFLVTMASIGMNIQDFKDSCERTLFTLRMATWNQILDPWVYILLRKAVLRNL 

YVCTRRCCGVHVISLHVWELSSIKNSLKVAAISDLPVTEKVTOOTST* 

FLAG-FP„ amino acid sequence 

MKTIIALSYIFCLVFADYKDDDDASTNNSVOPVSPASELLSNTTCOLEEDLSISFSII 

FMTVGILSNSLAIAILMKAYQRFRQKYKSSFLLLASALVITDFFGHLINGTIAVFVY 

ASDKDWIYFDKSNILCSIFGICMVFSGLCPLFLGSLMAIERCIGVTKPIFHSTKITTK 

HVKMMLSGVCFFAVFVALLPILGHRDYKIQASRTWCFYKTDQIKDWEDRFYLLL 

FAFLGLLALGISFVCNAITGISLLKVKFRSQQHRQGRSHHFEMVIQLLGIMCVSCIC 

WSPFLVTMASIGMNIQDFKDSCERTLFTLRMATWNQILDPWVYILLRKAVLRNL 

Yl* 

Figure 2.2 Amino acid sequences of the FLAG-tagged FP prostanoid receptor 
isoforms 

The FLAG-tagged FP receptor constructs were sequenced and the amino acid sequence 

decoded using MacVector software. Underlined shows the amino terminal insertion of 
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the FLAG sequence (DYKDDDDA) in both FLAG-FP receptor isoforms. The 46 amino 

acids unique to the carboxy terminus of the FP^ receptor isoform and the one amino acid 

that is unique to the FP^ isoform are also underlined. 
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FLAG-FP FLAG-FP, 

Figure 2.3 Dual labeling of FLAG-FP^ and FLAG-FP^ stable cell lines with the anti-
FLAG M2 and TRITC-conjugated phalloidin after treatment with 1 |jJVI PGF2a 

The panels to the left are FLAG-FP^ receptor expressing cells while the panels to the 

right are FLAG-FP^ receptor expressing cells. The top panels represent staining with the 

anti-FLAG M2 antibody and the bottom panels represent staining of the same cells with 

the TRITC-conjugated phalloidin. The figure is representative of at least three 

independent experiments. 
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Figure 2.4 PGF2a-stimulated total [^Hjinositoi phosphates accumulation following 
treatment with 1 PGF2a> for 1 h, in HEK-293 cells stably expressing the ovine 
FLAG-tagged FP^ or FP^ receptor isoforms 

Cells growing in 12 well plates each were treated with either vehicle or 1 |iM PGFia for I 

h at 37"C and total ['H] inositol phosphates were determined as described under 

experimental procedures. The data shown as a plot of treatment groups (X-axis) versus 

counts per min (CPM) (Y-axis) is representative of at least three independent experiments 

performed in triplicate. 
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Figure 2.5 PGF2A competition binding curves of ['H]PGF2A in HEK-293 cells stably 
expressing the FLAG-epitope tagged FPA (Clone A-1/4) and FFR (Clone B-2/5) 
receptor isoforms 

One plate each of FLAG-FP^ or FLAG-FP^ expressing cell lines were assayed for 

specific binding of ['H]PGF2a as described under experimental procedures. Data was 

analyzed after subtracting non-specific binding and normalizing for protein by nonlinear 

regression analysis using Graphpad Prism software. Data shown is for the clones, FLAG-

FP^ clone A-1/4 and FLAG-FP^ clone B-2/5, selected and used in all further experiments. 
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Radioligand Binding 

FP. FP„ 

Non-Epitope 
Tagged 
pmol/mg 

3.55 ± 0.28 4.09 ± 0.49 

FLAG-
tagged 
pmol/mg 3.50±0.04 2.15± 0.17 

Table 2.1 Table of FP receptor expression in pmol/mg protein in the wild type and 
FLAG-tagged stable cell lines of the FP receptor isoforms 

The table denotes in tabular form the relative expression (pmol/mg) of FP receptor 

isoforms in the non-epitope tagged FP^ (3.55 ± 0.28), non-epitope-tagged FP^ (4.09 ± 

0.49), FLAG-tagged FP^ (3.50 ± 0.04) and the FLAG-FP^ receptor (2.15 ± 0.17) 

isoforms. The data was analyzed using Graphpad Prism software. 
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2.4 Discussion 

Stable cell lines expressing FLAG-tagged constructs of the FP^ and the FP^ 

receptor isoforms were developed. The addition of the FLAG-epitope to the amino 

terminus of the FP receptor isoforms provides a necessary handle that can be used for 

further characterization of possible functional differences between the FP receptor 

isoforms. 

The PGR cloning strategy used for the generation of the amino terminus FLAG-

epitope tagged FP receptor isoforms was successful. The presence of the FLAG-epitope 

was confirmed in the KS/+ bluescript and pCDNA3 constructs by restriction digest 

analysis using the enzyme Nhe-1. The plasmid samples were also sequenced and 

analyzed to demonstrate the presence of the amino terminus FLAG epitope (figure 2.2). 

Transient transfection of the pCDNA3 or pCEP4 constructs followed by 

immunofluorescent labeling with the anti-FLAG M2 antibody showed expression of the 

FLAG tagged receptors. The FLAG-FP receptor isoforms were expressed on the cell 

surface as well as in intracellular pools. The presence of intracellular pools of receptors 

has been observed in other GPCRs when expressed in HEK-293 cells (Yu and Hinkle, 

1997). Dual labeling experiments in which transiently transfected cells were labeled for 

both f-actin (with TRITC conjugated phalloidin) and receptor expression (with anti-

FLAG M2 antibody) were also performed. In the dual labeling experiments the 

transiently transfected cells were stimulated with either 1 jiM PGFiaor vehicle for 1 h at 

37"C. The presence of the stress fibers (as detected by the TRITC-phalloidin) only in 

those cells expressing the FLAG-tagged receptors (as detected by anti-FLAG M2 

antibody) confirmed presence of functional receptors. 
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The pCEP4 constructs were then transfected into HEK-293 cells and cell lines 

stably expressing either receptor isoforms were generated. As mentioned in the results 

section, HEK-293 EBNA cells allow for episomal expression of the transfected plasmids. 

Furthermore, all work previously performed to characterize the FP receptor isoforms was 

performed in HEK-293 cells stably expressing the non-epitope tagged FP receptor 

isoforms. The calcium phosphate transfection method was used for the transfection to 

obtain a transfection efficiency lower than that obtained with liposome-based transfection 

reagents such as Lipofectamine (GIBCO-BRL) or Fugene-6 (Boehringer-Mannheim). If 

the transfection efficiency were too high the task of isolating, selecting and expanding 

clonal cell lines would become tedious and prone to human error. The pCEP4 construct 

as described in the results contains a marker for hygromycin B resistance that allows for 

selection. The concentration of hygromycin B used (200 |ig/ml) for selection was based 

on a kill curve (data not shown). The clonal populations of cells that were expressing 

either the FLAG-FP^ or the FLAG-FP^ isoforms were then expanded and a battery of 

tests were performed to confirm functional expression of the FP receptor isoforms. The 

clones that were selected for further experiments showed comparable expression of 

receptor number and similar fold increase of PGF:a-stimulated total inositol phosphate 

accumulation. The FLAG-tagged FP receptor isoform expressing cells showed the 

presence of arms similar to the non-epitope tagged FP receptor isoform expressing cells. 

They also underwent a shape change to a more cobblestone appearance, consistent with 

behavior similar to that of the non-epitope tagged FP cells. Due to the similarities 

between the FLAG tagged and non-epitope tagged FP receptor isoform expressing cells 

no further tests were performed to determine coupling to other second messenger 

systems, like the accumulation or inhibition of cAMP. The introduction of the FLAG-tag 

on the amino terminus also makes the possibility of alternate signaling pathways 
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becoming activated remote, as the G-proteins are thought to couple in the 6'" TM or with 

the intracellular cytoplasmic tail (Breyer et al., 2001). The presence of the FLAG-epitope 

at the amino terminus makes the tag extracellular allowing for visualization of the 

receptors using the anti-FLAG M2 antibody without permeabilization of the cells. 

The expression profiles of the FT^AG-tagged receptor isoforms, in their stable cell 

lines, were comparable to that of the cell lines stably expressing the non-epitope tagged 

FP receptor isoforms. It is imperative that the selected clones express similar levels of 

receptors, as expression levels of receptors affect intracellular signaling (Corti et al., 

1997. Law et al., 1997). Furthermore, since all the previous data were obtained using the 

FP^ or FP|, expressing stable cell lines, we chose to not introduce another variable such as 

receptor expression levels in our experiments. Freeze-downs were made of the FLAG-

tagged FP receptor expressing cells and were used in all further experiments. 

In conclusion, FLAG-tagged FP^ or FPj, receptor expressing stable cell lines were 

generated and characterized. The stable cell lines allow immunoprecipitation of the 

receptors and immunohistochemical techniques. 
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CHAPTER THREE 

DIFFERENTIAL PHOSPHORYLATION OF OVINE FP RECEPTOR 
ISOFORMS: ROLE OF PROTEIN KINASE C 

Portions of this chapter previously appeared in Fujino, H. Srinivasan, D, Pierce, KL, and, 

Regan, JW. (2000) Differential Regulation of Prostaglandin F^a Receptor Isoforms by 

Protein Kinase C. Molecular Pharmacology, 57: 353-358 
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3.1. Introduction 

The seven transmembrane receptors that are intracellularly coupled to 

heterotrimeric G-proteins, constitute the largest group of cell surface proteins involved in 

signal transduction. More than 50% of all drugs currently available modulate the activity 

of G protein-coupled receptors (GPCRs). It is therefore important to understand the 

regulation of GPCR mediated signaling, so as to determine molecular targets for 

therapeutic intervention. 

The prostaglandin Fia receptors (FP) exist as two splice variant isoforms the FP,^ 

and FPQ. The FP^ has a truncated C-terminal tail when compared to the FP^. Although, 

both receptor isoforms activated similar signaling pathways, the possibility of differential 

regulation of receptor isoforms signaling needed to be explored. With the intent to get a 

molecular handle on the FP receptor isoforms, they were FLAG-epitope tagged and 

stably expressed in HEK-293, EBNA cells as detailed in chapter 2. The ability to 

immunoprecipitate the receptors using an anti-FLAG M2 antibody allowed us to further 

characterize the receptors. 

Phosphorylation of GPCRs especially at the cytoplasmic tail is known to 

contribute to the phenomenon of internalization and desensitization. Internalization can 

be described as a translocation of a GPCR from the cell surface membrane to an 

intracellular compartment or cytoplasm (See Chapter 4). Desensitization can be described 

as an attenuated response generated by a GPCR upon repeated stimulation with its ligand. 

Phosphorylation of GPCRs by itself can occur homologously or heterologously (Tobin, 

1997). Homologous phosphorylation occurs only when the receptor is occupied by 

agonist and was originally thought to occur by specific kinases such as the G-protein 

coupled receptor kinases (GRKs) (Ferguson, 2001). Heterologous phosphorylation, on 
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the other hand, is thought to be mediated by second messenger-regulated kinases (e.g. 

PMA and PKC) and occurs independent of agonist occupancy of receptor. This paradigm 

is however limited as PKC is known to contribute significantly to agonist-mediated 

homologous phosphorylation in some phospholipase C coupled receptors including the 

platelet activating factor (PAF) receptor. Type lA angiotensin II receptors and 

cholecystokinin receptors (Klueppelberg et al., 1991; Ali et al., 1994; Oppermann et al., 

1996). Thus. PKC may contribute to homologous and heterologous phosphorylation of 

some PLC coupled receptors. 

The FP receptor isoforms are coupled to the PLC pathway. Furthermore, the FP^ 

isofonn has four unique PKC phosphorylation sites at its unique carboxyl terminal amino 

acid sequence (Figure 3.2) as compared to the FP,,. We therefore tested the hypothesis 

that the FP^ but not the FPj, isofonn would undergo PCF^a-dependent phosphorylation. 

We also investigated using whole cell radioligand binding assays and inositol phosphate 

accumulation assays whether the FP receptor isoforms are subject to the phenomenon of 

internalization and functional desensitization respectively. The rationale being that the 

FP^ but not the FP;, would be internalized and desensitized upon stimulation with PGFia 

based on the earlier stipulated hypothesis. 

We report that the FP^ but not the FP^ receptor isoform is subject to agonist 

dependent and independent phosphorylation probably involving PKC. Further, we report 

that the FP^ but not the FP„ receptor isoform may be regulated by a negative feedback 

from PKC-dependent phosphorylation which could lead to uncoupling of the receptor 

from its G-protein or internalization of the FP^ receptor isoform. 
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3.2. Experimental procedures 

3.2.1 Immunoprecipitation and Western blotting 

Cells stably expressing the FLAG-tagged FP receptors were grown to ~ 90% 

confluency in 10-cm plates. Cells were then either treated with vehicle, or PGFia, for 

time points indicated in Figure 3.1. After the treatments the medium was aspirated and the 

plates were washed 2x with ice cold PBS (~ 4 ml/plate). The lO-cm plates were then 

placed on ice and about 500 |il of lysis buffer was added. Lysis buffer contained 20 mM 

Tris-HCL, pH 7.5. 10 mM EDTA, pH 8.0, 2 mM EGTA. 100 mM PMSF, 0.1 mg/ml. 

Leupeptin and 0.2 M Na,VO^. Cells were then scraped and collected in Falcon-2063 

tubes. Cell lysates were then flash sonicated using a probe sonicator at setting 4. Lysates 

were then transferred to microcentrifuge tubes on ice and centrifuged at 14,000 rpm for 

15 min at 4"C. Supernatant (the cytosolic fraction) was discarded and the pellet washed 

with 500 |il of lysis buffer per tube by centrifuging at 14,000 rpm for 5 min at 4"C. 

Supernatant was then aspirated and 200 jil of lysis buffer containing 0.05% Triton-X 100 

was added. Pellets were triturated, resuspended and centrifuged at 14,000 rpm for 15 min. 

at 4"C. Supernatant was saved as the particulate fraction. Three hundred |ig of proteins 

from each sample were immunoprecipitated with 10 |il of anti-FLAG M2 antibody 

directly conjugated to agarose beads, for about 16 h at 4"C. Samples were then 

centrifuged at 3000 rpm for 5 min and the beads were washed 2x with the lysis buffer. 10 

|il of 2x Laemmli buffer was added per tube. Samples were then placed in a 65"C water 

bath, for 10 min, placed on ice for 2 min and centrifuged on a table- top centrifuge for 3 

min. Supematants were then run on 12% SDS-PAGE gels and transferred onto 

nitrocellulose membranes using an Invitrogen Tech. transfer apparatus as per 

manufacturers instructions. Membranes were incubated in 5% non-fat dry milk for 1 h 
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and then washed and incubated for 16 h at 4"C with 1:1000 dilution of anti-FLAG M2 

antibody, in 3% non-fat dry milk. Membranes were then washed three times and 

incubated with a 1:10,000 dilution of a goat-anti mouse antibody conjugated to 

horseradish peroxidase (Sigma chemical company. MO). After washing three times, 

immunoreactivity was detected by chemiluminescence (Supersignal. Pierce). 

3.2.2 In Vivo Phosphorylation Assays 

Ten-cm plates (-2x10 ceils) of HEK cells stably expressing the FLAG-tagged 

FP^ and FP^ receptors were washed twice in phosphate-free DMEM and incubated with 5 

ml of phosphate-free DMEM (without serum) containing 10 mM HEPES, pH 7.4 and 

0.1% BSA for 16 h at 37"C. After aspirating the media, cells were incubated at 37"C for 1 

h in 2 ml of phosphate-free DMEM containing 200 |iCi of ['"P] orthophosphate. Cells 

were then incubated for 5 min at 37"C with either vehicle or drugs and washed twice with 

ice-cold PBS containing Ca""^ and Mg~^. For the time course experiments, cells were 

incubated with either vehicle or 1 jiM PGF2rx for the times indicated. Cells were scraped 

with 1 ml of radioimmunoprecipitation assay (RIPA) buffer and were transferred to 

microfuge tubes. The RIPA buffer consisted of 150 mM NaCl. 50 mM Tris-HCL, pH 8.0, 

5 mM EDTA, pH 8.0, 1% Nonidet P-40, 0.5% sodium deoxycholate. 10 mM NaF, 10 

mM disodium pyrophosphate, 0.1% SDS. 2 mM phenylmethylsulfonyl fluoride. 1 mM 

Na,VOj, 10 |ig/ml of leupeptin and 10 |ig/ml of aprotinin. The samples were rotated for 2 

h at 4"C and were centrifuged at 16,000 g for 15 min. The equivalent of 2 mg of protein 

from the supernatant was immunoprecipitated with 20 |il of FLAG-M2 antibody-affinity 

gel for 16 h at 4"C. Affinity gel was washed three times each with 1 ml of the RIPA 

buffer (without protease inhibitors) and was then mixed with 30 |il of Laemmli buffer. 
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The samples were incubated at 65"C for 15 min and were subjected to SDS-

polyacryiamide gel electrophoresis (PAGE). Gels were dried for 2h at 80"C, exposed to 

film and autoradiographs were obtained after a 3-to 5-day exposure at -80"C. 

3.2.3 Whole Cell Radioligand Binding Assay 

Cells were cultured in 10-cm plates and were trypsinized, centrifuged at 500 g for 

2 min and resuspended in Opti-MEM (GIBCO-BRL) at a concentration of 10 cells/ml. 

One-milliliter aliquots of cells were incubated for 10 min at 37°C with either vehicle or 

1 pM PGFia and the levels of receptor binding activity were assessed, as described 

below, by the radioligand binding of ['H]PGF2a (Amersham Pharmacia Biotech.). For the 

measurement of ['HlPGFia 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 MnCl,. Following the final wash, the cells were resuspended in ice-cold MES 

buffer at a concentration of 10' cells/ml and 100 fil was added to a final assay volume of 

200 |j1 containing 2.5 nM ['H]PGF2a alone (total binding) or 2.5 nM ["HlPGF^a plus 

10|JM unlabeled PGF^a (nonspecific binding). Incubations were for Ih 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). 
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3.2.4 Total Inositol Phosphate (IP) Accumulation Assay 

Receptor stimulated total IP accumulation was determined by anion exchange 

chromatography in cells that were preincubated with myo-[2-'H]inositol (Anthony et al. 

1998). Cells were plated in 10-cm dishes (10' cell/dish) in DMEM with 10% fetal bovine 

serum and incubated overnight with 3mCi/ml myo-[2-'H]inositol. Cells were trypsinized, 

centrifuged and aliquots of 0.5 to 1.0 x 10' cells were resuspended in 500 ^1 of DMEM 

containing 10 mM LiCl. After drug additions, the cells were incubated for 1 h at 37"C 

and 2.5 ml of chloroform/methanol/water (1:1:0.5) was added. Nine hundred jil of the 

aqueous phase was removed and mixed with 2 ml of water and applied to a 2.5-ml 

column of AG1-X8 anion exchange resin. After three washes with 5 ml of water and two 

washes with 5 ml of 5 mM borax/60 mM sodium ammonium formate/0.1 M formic acid. 

The total inositol phosphates were then eluted using 2 ml of IP elution buffer (200 mM 

ammonium formate/100 mM sodium formate) directly into scintillation vials. Nine ml of 

scintillation cocktail was added to each vial and radioactivity was determined by liquid 

scintillation counting. Data was analyzed using Graphpad Prism software. 
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3.3 Results 

3.3.1 Immunoprecipitation of FLAG-tagged FP receptor isoforms 

To determine if the FLAG-tagged receptor isoforms could be 

immunoprecipitated and detected by Western blotting techniques cell lines, stably 

expressing recombinant FP^ and FP„ receptor isoforms containing FLAG epitopes, were 

prepared as described under experimental procedures. As described in chapter 2. the cell 

lines selected for these experiments were selected on the basis that they had comparable 

levels of expression, both with each other and with wild type FP, and FP„ expressing 

cells (e.g. FP,, 3.56 ± 0.04 pmol/mg protein; FP^ 2.15 ± 0.17 pmol/mg protein). 

Immunoprecipitation of the receptors was assayed after treatment with either vehicle or 1 

jiM PGF2a for 5 or 10 min at 37"C. As detailed in experimental procedures, the 

particulate fractions of the cells lysates were immunoprecipitated with an anti-FLAG M2 

antibody conjugated to agarose beads. Figure 3.1 shows the detection of FLAG tagged FP 

receptors. Both FP receptor isoforms are detected in the presence or absence of agonist 

PGF2a. Furthermore, both the FP receptor isoforms exhibit a diffuse banding pattern of 

immunoreactivity consistent with glycosylation. The FP, receptor isoform runs higher on 

the gel (about 55 kDa) than the FP^ receptor isoform (about 50 kDa). The higher kDa size 

of the FP, receptor is likely due to the presence of an extra 46 amino in its carboxy 

terminal tail and therefore the data observed is consistent with this interpretation. 

Treatment with PGF2a does not affect the ability to immunoprecipitate and detect the 

receptors. Interestingly, the FP^ receptor isoform shows a banding pattern at about 37 

kDa that is absent in the FP, receptor isoform. This band observed at about 37 kDa is 

consistent with the size of an unglycosylated FP„ receptor but could represent receptor 

degradation. Untransfected HEK-293 EBNA cells do not show presence of any receptor 
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(data not shown), furthermore, the FP receptor isoforms are seen only in the particulate 

fractions and not detected in the cytosolic fraction of lysates (data not shown). 

3.3.2 Analysis of unique amino acid sequence at the carboxyl termini of the FP^ 
receptor isoform for phosphorylation motifs 

The amino acid sequence unique to the FP^ receptor isoform was analyzed, for 

phosphorylation motifs, using the software Peptool lite produced by Doubletwist.com. As 

shown in Figure 3.2, there are four consensus sites for PKC phosphorylation at residues 

319 (T). 337 (S), 341 (S) and 353 (T). There is also a consensus site for casein kinase I 

phosphorylation at residue 341 (S) and one for glycogen synthase kinase 3 at residue 341 

(S). The FP receptors upon activation can stimulate activation of PKC and the presence 

of the four consensus sites for PKC phosphorylation at the FP^ carboxyl tail may render 

the FP^ receptor isoform susceptible to phosphorylation by PKC when activated. 

3.3.3 Dose Response of phosphorylation of the FP receptor isoforms 

Phosphorylation of the receptors was examined in whole cells that had been 

radiolabeled with ['"P]orthophosphate followed by immunoprecipitation of the receptors 

with an anti-FLAG antibody as described under experimental procedures. Figure 3.3 

shows the effect of increasing concentrations of PGF2a on the incorporation of '"P into the 

FLAG-tagged FP,^ and FP„ receptor isoforms. The FP^ isoform clearly showed a dose-

dependent increase in phosphorylation that appeared to plateau at 1 |iM PGFia-

Phosphorylation of the FP^ isoform was absent, under any condition tested. The size at 
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which the phosphorylated receptor band ran (-55 kDa) is consistent with that observed 

for the FP Jsoform by Western blotting (see figure 3.1). 

3.3.4 Time course of phosphorylation of the FP receptor isoforms 

Phosphorylation of the receptors was examined in whole cells that had been 

radiolabeled with ['"Pjorthophosphate followed by immunoprecipitation of the receptors 

with an anti-FLAG antibody as described under experimental procedures. Figure 3.4 

shows the effect of 1 PGFia on the incorporation of '"P into the FLAG-tagged FP^ 

and FPg receptor isoforms over various time points (0, 5. 30, and. 60 min). The FP^ 

isoform clearly showed a time-dependent increase in phosphorylation that appeared to be 

maximal after 10 min treatment with I PGF2a- The FP^ receptor shows some 

phosphorylation even after 1 h treatment with PGF,a. With or without PGFia the FP^ 

isoform was not phosphorylated at any point during the time course. 

3.3.5 Role of Protein Kinase C in phosphorylation of FP receptors isoforms 

To examine the possibility that the phosphorylation of the FP^ receptor isoform 

was PKC-dependent, cells were pretreated with 10 bisindolylmaleimide (BIM), a 

PKC-specific inhibitor and then stimulated with 1 |iM PGFia- Figure 3.5 shows the 

strong agonist-dependent phosphorylation of the FP^ isoform compared with the FP,, and 

it shows that pretreatment with BIM significantly decreased phosphorylation of the FP,^ 

in response to stimulation with PGFIQ. Furthermore, treatment of the FP^ cells with 10 

mM phorbol 12,13-myristyl acetate (PMA), a direct activator of PKC, phosphorylated the 

receptor. This phosphorylation was blocked by BIM and confirms that the BIM inhibits 
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PKC activation in this system and that PKC plays a role in the phosphorylation of the FP^ 

receptor. Neither PGFIQ nor PMA induced any detectable phosphorylation of the FP„ 

isoform. There maybe a low level of agonist-dependent phosphorylation that is decreased 

to background levels by pretreatment with BIM. 

3.3.6 Role of G-protein coupled Receptor Kinases (GRKs) 

The fact that BIM did not completely block the phosphorylation of the FP^ 

isoform upon stimulation with PGF,a suggests the involvement of some other kinase that 

phosphorylates the FP^ receptor. GRKs have been shown to play a role in 

phosphorylating the carboxy-terminal tail of some GPCRs (Pitcher et al., 1998). 

Phosphorylation of GPCRs by GRKs is now known to play a role in recruiting P-arrestin 

to the receptor and initiates the internalization of the GPCRs through a clathrin and 

dynamin dependent mechanism (Lefkowitz, 1998). To test the role of GRKs in 

phosphorylating the FP^ isoform, expression vectors (gifts from Dr. J. Benovic) encoding 

either GRK-2, K220R a dominant negative GRK-2, or vector alone (pCDNA3) were 

transiently transfected into the FP^ expressing stable cell lines, using Lipofectamine plus 

(Gibco-BRL). Figure 3.5 shows that GRK-2 transiently transfected into the FP^ isoform 

expressing cell lines marginally increased the PGF2a-dependent phosphorylation of the 

FP^ isoform (lane 4) as compared to the PGFia-stimulated FP^ cells transfected with 

vector alone (lane 2). Furthermore, transient transfection of K220R results in a slight 

decrease in PGFia-dependent phosphorylation of the FP,^ receptor (lane 6) as compared to 

that observed in vector transfected cells (lane 2). The results however are inconclusive 

and possible reasons are included in the discussion of this chapter. 
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3.3.7 Relationship between receptor phosphorylation and ceil surface receptor 
binding 

Phosphorylation of GPCRs at their cytoplasmic carboxy termini is involved in the 

phenomenon of receptor internalization (Lefkowitz, 1998). To determine if stimulation of 

the FP receptor isoforms with PGFiaresults in receptor internalization, whole cell binding 

studies were performed as detailed in experimental procedures. Experiments were also 

done after pretreatment of the cells with 100 nM Go 6976 (a specific inhibitor of Ca"'-

dependent PKC) to determine if inhibition of PKC results in attenuated receptor 

internalization of the FP^ isoform. Figure 3.6 shows the results obtained with the binding 

experiments for the FP^ isoform (Top panel A) and FP^ isoform (Bottom panel B). The 

data showed that both the FP^ and FP;, receptor isoforms show decreased binding of 

['H]PGF2a after stimulation of the cells with 1 nM PGF^a for 10 min at 37"C. This 

decreased binding is consistent with internalization of the FP receptor isoforms upon 

stimulation with PGFia- Go 6976 did not significantly rescue the decreased binding of 

['H]PGF2a in the FP^ isoform expressing cells after stimulation with PGFia. Go 6976 had 

no effect on the binding status of the FP^ isoform expressing cells. 

3.3.8 Functional consequence of FP receptor phosphorylation 

To determine if the phosphorylation of the FP,^ receptor isoform results in 

desensitization, total inositol phosphate accumulation assays were performed. The 

FLAG-tagged FP_^ and FP^ isoform expressing cell lines were used, with pretreatment 

with either vehicle (DMSO) or 100 nM Go 6976 for 15 min, followed by stimulation with 

either vehicle or 1 |jM PGFaa for 10 min at 37"C. As shown in figure 3.8 stimulation of 

the FP receptor isoforms [FP,^ top panel, FP^ bottom panel] results in a significant 
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increase in total inositol phosphate accumulation in both FP^ and FP^ expressing cells. 

Pretreatment with Go 6976 does not have a significant effect on PGF2a-induced 

accumulation of total inositol phosphates. 
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FLAG-FPA FLAG-FPB 

Figure 3.1 Immunoprecipitation and Western blot analysis of FP prostanoid 
receptor isoforms 

Cells stably expressing the FLAG-tagged FP prostanoid receptor isoforms were treated 

with 1 |iM POF^a for 0. 5, or 10 min. The lysates were collected as described in 

experimental procedures and 300 |ig of each lysate was immunoprecipitated with 10 |il of 

an anti-FLAG M2 affinity gel, for 16 h at 4"C. The samples were then subjected to SDS-

PAGE and Western blotting. The anti-FLAG M2 l" antibody was used at a dilution of 

1:1000, whereas, the 2"goat-anti-mouse HRP antibody was used at a dilution of 1:10,000. 

The arrows labeled indicate the following: A. FLAG-tagged FP^ glycosylated receptors, 

B Gly, FLAG-tagged FP^ glycosylated receptors, B UnGly, FLAG-tagged FP^ 

unglycosylated receptors. The B UnGly could also represent receptor degradation. The 

figure shown is representative of at least three independent experiments. 
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Name: unnamed 
Organism: 
Time and Date: 
References: 

1:58 pm. May 31, 2002 

10 20 30 40 50 
1 YVCTRRCCGVHVISLHVWELSSIKNSLKVAAISDLPVTEKVTQQTST 47 

* • * * 
2 * * * * * 

^  * * * * *  *  
^  *  •  *  *  

Motif #: 1 Range: 3-7 
Motif: *[ST]*[KR]* 
Ref.: WOODGET J.R. EUR. J. BIOCHEM. 161:177-184 (1986) 
Name: PROTEIN KINASE C PHOSPHORYLATION SITE 

Motif #: 2 Range: 18-23 
Motif: *E**S' 
Ref.: KEMP B.E. et al., TIBS 15:342-346 (1990) 
Name: CASEIN KINASE I PHOSPHORYLATION SITE 

Motif #: 3 Range: 21 - 27 
Motif: *S***S* 
Ref.: FIOL C.J. et al. , J. BIOL. CHEM. 262:14042-14048 (19 
87) 
Name: GLYCOGEN SYNTHASE KINASE 3 PHOSPHORYLATION SITE (LAS 
T S MUST BE P04 S) 

Motif #: 4 Range: 21 - 25 
Motif: *[ST]*[KR]* 
Ref.: WOODGET J.R. EUR. J. BIOCHEM. 161:177-184 (1986) 
Name: PROTEIN KINASE C PHOSPHORYLATION SITE 

Motif #: 5 Range: 25 - 29 
Motif: *[ST]*[KR]* 
Ref.: WOODGET J.R. EUR. J. BIOCHEM. 161:177-184 (1986) 
Name: PROTEIN KINASE C PHOSPHORYLATION SITE 

Motif #: 6 Range: 37 - 41.Motif: *[ST]*[KR]* 
Ref.: WOODGET J.R. EUR. J. BIOCHEM. 161:177-184 (1986) 
Name: PROTEIN KINASE C PHOSPHORYLATION SITE 

Figure 3.2 Phosphorylation sites present in the unique carboxy termini of the FP^ 
receptor isoform 

There are four consensus sites for PKC phosphorylaiion present at amino acids 319 (T), 

337 (T), 341 (S) and 353 (T), one casein kinase I phosphorylation site amino acid 341 (S) 
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and one glycogen synthase kinase 3 phosphorylation site amino acid 341 (S). The data 

shown were generated using the program Peptool Lite by Doubletwist.com. 
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FLAG-FPA FLAG-FPB 

0 O.I 1 10 0 0.1 1 10 |iMPGF2a 

Figure 3.3 Dose-dependence of PGFaa-induced phosphorylation of FLAG-tagged 
FP^ and FPg prostanoid receptors 

Cells stably expressing the FP^ and FP„ isoforms were prelabeled with '"P and were 

stimulated with the indicated concentrations of PGF^a for 5 min at 37"C. This was 

followed by immunoprecipitation with an anti-FLAG M2 affinity gel, SDS-PAGE and 

autoradiography as described under experimental procedures. Positions of molecular 

weight markers are indicated on the left in kiloDaltons. 
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Figure 3.4 Time course of PGF2a-induced phosphorylation of FLAG-tagged FP^ and 
FPg prostanoid receptors 

Cells stably expressing the FP^ and FPu isoforms were prelabeled with '"P and were 

stimulated with 1 |iM PGF2a for indicated time points at 37"C. This was followed by 

immunoprecipitation with an anti-FLAG M2 affinity gel, SDS-PAGE and 

autoradiography as described under experimental Procedures. Positions of molecular 

weight markers are indicated on the left in kiloDaltons. 
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Figure 3.5 Effects of BIM on PGF2A and PMA-induced phosphorylation of FLAG-
tagged FP^ and FP^ prostanoid receptors 

Cells stably expressing the FP^ (Top Panel) and FPQ (Bottom Panel) isoforms were 

prelabeled with '"P and were either not stimulated or stimulated with l|im PGFia or 10 

|iM PMA (first three lanes). The next three lanes were pretreated with 10 |iM BIM for 5 

min and then treated as indicated. This was followed by immunoprecipitation with an 

anti-FLAG affinity gei, SDS-PAGE and autoradiography as described under 

experimental procedures. Positions of molecular weight markers are indicated on the left 

in kiloDaltons. The results are representative of three independent experiments. 
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Figure 3.6 Effects of GRK-2 and dominant negative GRK, K220R on PGF2a-
induced phosphorylation of FLAG-tagged FPA prostanoid receptors 

Cells stably expressing the FP^ isoform were transfected with 20 |ig of pCDNA3, GRK-

2, or K220R expression vectors, using Lipofectamine plus. Two days after transfection 

the cells were either not stimulated (-) or stimulated (+) with 1 |iM PGFia for 5 min. at 

37"C. This was followed by immunoprecipitation with an anti-FLAG affinity gel, SDS-

PAGE and autoradiography as described under experimental procedures. The results are 

representative of three independent experiments. 
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Figure 3.7 Effect of pretreatment with Go 6976 and treatment with PGF2aon whole 
cell binding of FP prostanoid receptor isoforms 

Cells stably expressing the FP^ (top panel) and FP^ (bottom panel) isoforms were either 

pretreated or not pretreated with 100 nM Go 6976 for 10 min at 37"C. followed by 

treatment with either vehicle or I |iM PGF^a for 10 min at 37"C. The cells were then 

assayed for whole cell binding with ['H]PGF2a as detailed in experimental procedures. 

The results are shown as specific binding as % of control, where the control basal specific 

binding is arbitrarily assigned a value of 100. The data shown are a combined figure 

using values obtained from three independent experiments performed in duplicate. 
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Figure 3.8 Effect of pretreatment with Go 6976 and treatment with PGF2a on total 
inositol phosphate accumulation of FP prostanoid receptor isoforms 

Cells stably expressing the FP^ (top panel) and FPj, (bottom panel) isoforms were either 

pretreated or not pretreated with 100 nM Go 6976 for 10 min at 37"C, followed by 

treatment with either vehicle or 1 |iM PGFia for 10 min at 37"C. The cells were then 

assayed for total inositol phosphate accumulation as detailed in experimental procedures. 

The results are shown as total inositol phosphate accumulation as % of control, where the 

control basal inositol phosphate accumulation is arbitrarily assigned a value of 100. The 

data shown is a combined figure using values obtained from three independent 

experiments performed in duplicate. 
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3.4 Discussion 

In 1997. we reported the cloning of a novel alternative mRNA splice variant of 

the FP prostanoid receptor that was called the FP^ (Pierce et aJ.. 1997). The FP^ isoform 

differed from the previously cloned isoform (defined as FP^) in that it lacked the carboxyl 

terminal 46 amino acids of FP^. The FP^ therefore represents a truncated form of FP^. 

Both FP receptor isoforms are coupled to leading to phosphoinositide turnover and 

activation of protein kinase C. Both FP receptor isoforms also activate Rho. a member of 

the Ras family of small G-proteins, to cause cell rounding, actin stress fiber formation 

and tyrosine phosphorylation of pi25 focal adhesion kinase (FAK) (Pierce et al., 1999). 

This activation of Rho and subsequent shape change is independent of G^ and probably 

occurs through activation of G,, and/or G,,. This activation is consistent with the findings 

for other GyG, .-coupled receptors such as those for thrombin, thromboxane A, and 

lysophosphatidic acid (LPA) in which the agonist-induced formation of actin stress fibers 

has been shown to involve either G,, or G,, (Gohla et al.. 1999). Although basic 

characterizations of the FP receptor isoforms were performed, the possibility of 

differences in signaling needed to be explored. Towards this end, the HEK-293 cell lines 

stably expressing the FLAG-epitope tagged FP^ and FP^ receptor isoforms were 

generated (refer Chapter 2). 

To determine whether the FLAG-tagged receptors could be specifically 

immunoprecipitated by the commercially available anti-FLAG M2 antibodies. Western 

blotting experiments were performed (Fig 3.1). Traditionally, due to the low level 

expression of the GPCRs, immunoprecipitation of membrane bound GPCRs has proven 

difficult. The generation of the FLAG-epitope tagged FP receptor isoform expressing 
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stable cell lines allowed for detection of the FP receptor isoforms by Western blotting. 

Both FP receptor isoforms present an immunoreactive banding pattern consistent with 

glycosylation. Interestingly, the isoform but not the FP^ isoform seems to also be 

present in a unglycosylated state or a breakdown product. Whether this contributes to 

differences in signaling between the FP receptor isoform remains uncertain. 

The carboxy termini of many GPCRs such as the p-adrenergic receptors are 

known to regulate GPCR-activation mediated intracellular signaling (Maudsley et al., 

2000; Ferguson. 2001). The regulation of GPCR signaling by the C-tail, includes the 

phenomenon of uncoupling from the cognate G-protein, internalization and 

desensitization (Lefkowitz. 1998). Analysis of the a.a. sequence unique to the FP^ 

isoform (Figure 3.2), for consensus phosphorylation motifs, suggested a role for PKC, 

casein kinase I and/or GSK-3. Towards determining if the FP^ receptor isoform but not 

the FPj isoform is phosphorylated in an agonist-dependent manner, in vivo 

phosphorylation experiments were performed. We observed that the FP^ but not the FP;, 

i.soform was phosphorylated in a dose (Figure 3.3) and time (Figure 3.4) dependent 

manner. Furthermore, both the glycosylated and unglycosylated forms of the FP^ isoform 

were not phosphorylated. 

PKC is known to phosphorylate other GPCRs such as the angiotensin receptor 

(Garcia-Caballero et al., 2(X)1) and the human prostacyclin receptor (Nilius et al., 2000) 

at their cytoplasmic tails. Furthermore, there are four putative PKC phosphorylation sites 

in the C-tail of the FP^ receptor isoform. We therefore investigated the role of PKC on 

the PGFia-dependent phosphorylation of the FP^ receptor isoform. The role of PKC was 

investigated using BIM and PMA. As shown in figure 3.5, PMA caused phosphorylation 

of the FP^ receptor isoform. BIM completely inhibited the PMA induced 

phosphorylation, while it attenuated the PGF2(i-induced phosphorylation of the FP^ 
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isoform. Neither PMA nor BIM affected the phosphorylation status of the FPB receptor 

isoform. The data showing the PMA-induced phosphorylation of the FP^ but not the FP^ 

isoform suggests that the FP^ but not the FPQ receptor isoform could be phosphorylated 

heterologously by activation of PKC by activation of other receptors or pathways that 

activate PKC. 

The data demonstrates a role for PKC in the phosphorylation of the FP,^ receptor 

isoform. However, the fact that BIM did not completely block the PGFia-induced 

phosphorylation of the FP^ receptor isoform suggests the possibility of involvement of 

another kinase. G-protein coupled receptor kinases (GRKs) are well established to play a 

pivotal role in GPCR phosphorylation, internalization and desensitization (Pitcher et al., 

1998). The consensus sequence for GRK-phosphorylation is poorly characterized and no 

clear consensus sequence is known. We therefore transiently transfected expression 

vectors encoding GRK-2 or the dominant negative GRK-2, K220R into the stable FLAG-

FP^ isoform expressing HEK-293 cells (both vectors were gifts from Dr. J. Benovic.). 

The results suggest that GRK-2 may be involved in phosphorylation of the FP^ as there is 

a measurable increase in FP^ phosphorylation in the GRK-2 transfected cells over the 

vector transfected cells. Furthermore, the dominant negative mutant of GRK-2, K220R, 

slightly decreased the FP^ receptor phosphorylation compared to the vector control. The 

reasons for the slight effects of GRK-2 and K220R plasmids may be that the vectors were 

transiently transfected into cells stably overexpressing the FP^ receptor isoform (-5-15% 

of the cells were transfected). The FLAG-FP,^ and FLAG-FP^ plasmids are episomally 

expressed in the stable cell lines, and therefore continuously overexpress the receptors. 

Taken together, this would lead to a masking of the effect of the GRKs, as the system 

would be overwhelmed by the response from the untransfected FP^ receptor expressing 

ceils. In order to determine a role for GRKs stable cell lines expressing the GRK-2 or 
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K220R proteins will need to be available in order to transiently transfect in the FLAG-

tagged FP receptor isoforms and assay their phosphorylation. Experiments were not 

performed with the FLAG-FPg expressing cells. The possibility of casein kinase-I or 

GSK-3-dependent phosphorylation exists and needs to be explored. 

Phosphorylation of the carboxy terminal tail of GPCRs is known to precipitate 

receptor internalization. In order to establish receptor internalization and examine a role 

of PKC in this phenomenon, whole cell binding studies were performed using ['H]PGF2tt. 

The whole cell receptor binding studies show a decrease in ['H]PGF2ot binding after 

PGFia treatment for 10 min in both the FP^ and the FP^ isoforms. However, pretreatment 

of the cells with Go 6976 (a specific inhibitor of Ca"'^-dependent PKC) did not 

significantly reverse the decreased binding after PGFia treatment in the FP^ isoform. 

These observations, though seemingly contradictory, can be attributed to two possible 

reasons. First, upon PGFia-stimulation there is a physiological uncoupling of the GPCR 

and its cognate G-protein resulting in decreased binding of ['HJPGFia that is independent 

of PKC or indeed receptor phosphorylation. The second reason could be that in both 

receptor isoforms the PGFia that is not labeled, being hydrophobic, is not washed away 

completely and results in a competition with the ['H]PGF2a used for the whole cell 

binding assay. The second reason stipulated above, is probably a more plausible 

explanation and would explain the differences in whole cell binding in both the FP 

isoforms, with and without treatment with PGFia, and would confound the results 

obtained after inhibition of PKC. 

It has been shown that agonist-induced desensitization of both the TP receptor 

(Spumey, 1998) and the IP receptor (Smyth et al., 1998) involves phosphorylation by 

PKC in the carboxyl terminal domains of these receptors. Thus, IP receptors in which the 

PKC consensus sites were mutated showed impaired desensitization and a carboxyl 
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terminal deletion did not desensitize at all. Likewise, mutation of carboxyl terminal PKC 

sites in the TP receptor impaired desensitization and inhibitors of PKC could block 

phosphorylation of the receptor. Desensitization can be defined as an attenuation of a 

physiological response of a GPCR upon repeated stimulation by its ligand. To investigate 

the role of receptor phosphorylation in our system we chose to study the total inositol 

phosphate accumulation as a physiological endpoint. As seen in figure 3.8, PGF2a caused 

an increase in total inositol phosphate accumulation in both the FP^ and FPj, expressing 

cells. Pretreatment of the FPg expressing cells with Go 6976 had no effect on total 

inositol phosphate accumulation. Pretreatment of the FP^ cells with Go 6976 did not 

significantly increase the percent total inositol phosphate accumulation after PGF,a when 

compared to the PGFia stimulated, but no pretreatment with Go 6976, group. This data is 

seemingly contradictory to that previously reported (Fujino et al., 2000b). However, it is 

to be noted that these experiments were performed using 1 |iM PGFia whereas the 

previous experiments were performed over a range of doses (1 nM - I (iM). Further, 

maximal differences were noted only at sub-maximal doses of PGF^a (I nM - 10 nM). 

Since the in vivo phosphorylation experiments establishing a role for PKC were done 

using I jiM PGFiot, submaximal doses were not used in studying total inositol phosphate 

accumulation. 

The findings with the FP receptor isoforms combined with the data reported 

previously (Fujino et al., 2000b) indicates that the unique carboxyl terminal of the FP^ 

provides for a rapid negative feedback by PKC that most probably involves 

phosphorylation of its carboxyl terminus by PKC. This essentially represents a rapid 

desensitization that makes both isoforms equally responsive to PGF2a under the 

conditions of the present IP assay. One could imagine, however, that under acute 

activation or situations in which PKC becomes downregulated, the FP^ isoform might be 
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more responsive than the FP^ isoform to submaximally stimulating concentrations of 

agonist. Furthermore, FP^ but not the FP^ receptor isoform may be regulated 

heteroiogously. 
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CHAPTER FOUR 

DIFFERENTIAL INTERNALIZATION OF THE FP PROSTANOID RECEPTOR 
ISOFORMS: ROLE OF PROTEIN KINASE C AND CLATHRIN 

Portions of this chapter have previously appeared in Dinesh Srinivasan, Hiromichi Fujino 

and John W. Regan (2002) Differential Internalization of the FP Prostanoid Receptor 

Isoforms: Role of Protein Kinase C and Clathrin. Journal of Pharmacology and 

Experimental Therapeutics, 302: 219-224 
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4.1 Introduction 

G-protein-coupled receptors (GPCRs) are heptahelicaJ transmembrane proteins 

(Palczewski et al., 2000) devoted to cellular signal transduction. GPCRs are activated by 

numerous stimuli as varied as light, odorants, nucleotides and proteins. Intracellularly 

they are coupled to G-proteins that amplify the extracellular stimulus and convert it into 

an intracellular response. GPCRs acting through G-proteins can stimulate various second 

messenger systems such as an increase in intracellular Ca""^. activation of kinase cascades 

and induction of gene transcription. The regulation of GPCR function and signaling is of 

paramount interest as GPCRs are involved in numerous pathologies and are obvious 

targets for therapeutic intervention. 

One of the ways that GPCR function is regulated is by desensitization, which is 

an attenuated response of a GPCR upon repeated or constant stimulation by its agonist. 

One mechanism of desensitization is by internalization in which the receptor is 

translocated from the cell surface membrane to an intracellular compartment. The 

classical pathway for GPCR internalization is exemplified by the agonist-induced 

internalization of the P^-adrenergic receptor (Lefkowitz. 1998). Thus, upon agonist 

stimulation the P2-adrenergic receptor is phosphorylated by a GPCR kinase (GRK) that 

recruits p-arrestin, which in turn initiates clathrin-dependent internalization. However, 

other mechanisms of GPCR internalization exist which, for example, involve an initial 

phosphorylation by protein kinase C (PKC) instead of GRK (Ferrari et al., 1999; Hipkin 

et al., 2000; Xiang et al., 2001). An important development as it concerns receptor 

internalization is the recognition that internalization is not the end of signaling. The 

process of internalization can activate signaling pathways such as that of the mitogen-
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activated protein kinase (Pierce et al., 2000). Knowledge of the internalization of a given 

receptor is, therefore, important towards understanding its overall signaling potential. 

The FP prostanoid receptors are GPCRs whose physiological agonist is 

prostaglandin F^a- The FP receptors regulate diverse physiological processes including 

inflammation and luteolysis. FP receptors consist of two isoforms called FP^ and FP^ that 

were originally isolated and cloned from a sheep corpus luteum library (Pierce et al., 

1997). These two FP isoforms are generated by alternative mRNA splicing that gives rise 

to differences in the length of their intracellular carboxyl terminal domain. Studies on 

these receptor isoforms have demonstrated that upon stimulation with PGF^a more than 

one signaling pathway can be activated. Thus stimulation of either FP receptor isoform 

by PGF2a has been shown to activate both the and rho icinase pathways (Pierce et al., 

1999). In addition, it has recently been shown that the agonist stimulation of the FP„ 

isoform, but not the FP,^, can activate transcription through aP-catenin signaling pathway 

(Fujino and Regan, 2001). Additional differences between these isoforms have been 

shown with respect to their regulation by PKC in which the FP^ isoform, but not the FP,,, 

is subject to negative feedback by PKC (Fujino et al.. 2000b). The mechanism of this 

negative feedback involved PKC mediated phosphorylation of the carboxyl terminal 

domain of the FP^ isoform leading to an inhibition of stimulated inositol phosphate 

formation. 

Besides signaling differences the FP^ and FP^ prostanoid receptor isoforms may 

differ in their expression and localization, particularly in response to agonist exposure. In 

this regard it has recently been shown that there are significant differences between the 

TPa and TPp thromboxane receptor isoforms with respect to agonist-induced receptor 

internalization (Parent et al., 1999). These isoforms, like the FP receptor isoforms, also 

represent carboxyl terminal splice variants and TPp the longer of the two, undergoes 
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clathrin-dependent internalization, whereas the TPa does not. The present study was 

conducted to determine if similar differences might exist between the FP receptor 

isoforms. We now report that the FP^ isoform undergoes a rapid agonist induced 

internalization that requires PKC and involves clathrin, while the FP^ isoform undergoes 

a constitutive, agonist independent internalization that does not involve either PKC or 

clathrin. Furthermore, the agonist independent internalization of the FP^ receptor isoform 

may be dependent on the lipid kinase, phosphatidyl inositol 3 kinase (PI3-K). 

4.2 Experimental Procedures 

4.2.1 Materials 

Dulbecco's modified Eagle's medium (DMEM), bovine serum albumin, Opti-

MEM, hygromycin B, geneticin and gentamicin reagent solutions were from Life 

Technologies/GIBCO-BRL (Gaithersburg, MD). Go 6976 and phorbol-12-myristyl-I3-

acetate (PMA) were from Calbiochem (San Diego, CA). Clathrin heavy chain antibodies 

and anti-phosphotyrosine (PY20) antibodies were from BD Transduction Laboratories 

(Lexington, KY). Methanol, acetone, dimethyl sulfoxide, anti-FLAG M2 antibodies. Fab 

specific anti-mouse IgG conjugated to fluorescein isothiocyanate (FITC) and sucrose 

were from Sigma-Aldrich Chemical Company (St. Louis, MO). PGFia was obtained from 

the Cayman Chemical Company (Ann Arbor, MI). HEK-293 cells stably expressing 

either the FLAG-tagged FP^ or FLAG-tagged FPp receptor isoforms were used in all the 

experiments (Fujino et al., 2000b). Cells were maintained at 37°C with 5% COy95% air 
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in DMEM containing 10% fetal bovine serum, 250 )ig/ml geneticin, 200 |ig/ml 

hygromycin B, and 100 ^ig/ml gentamicin. 

4.2.2 Whole Cell Labeling 

The protocol for whole cell labeling was modified from that of Orsini and 

Benovic (1998). Approximately 100,000 cells expressing either the FLAG-tagged FP^ 

receptor isoform or the FLAG-tagged FPQ receptor isoform were split into tissue culture 

plates containing glass coverslips. On day 3 prior to the start of the experiments the cells 

were examined by microscope to confirm cell density (Fujino et al.. 2000a). To evaluate 

agonist dependent internalization, the cells were either treated with 1:500 dilution of anti-

FLAG M2 antibodies diluted in Opti-MEM or with 1:500 dilution of anti-FLAG M2 

antibodies concurrent with 1 |iM PGFia diluted in Opti-MEM for 10 min at 37°C. The 

tissue culture plates were then placed on ice and the media aspirated. The cells were fixed 

and permeabilized with methanol/acetone (7:3) for 10 min at -20°C and blocked in 

BLOTTO (5% non-fat dry milk in tris buffered saline, with 0.05% Triton X-100) at 37°C 

for 30 min. The glass coverslips were removed and placed on stoppers in a covered box 

and 200 ^il of a 1:500 dilution of secondary antibodies (Fab specific anti-Mouse IgG 

conjugated to FITC) in BLOTTO was applied to each coverslip. The box was then gently 

shaken for 1 h at room temperature. The coverslips were then transferred to tissue culture 

plates, washed six times with antibody wash buffer leaving 2 ml of the last wash in each 

well and were placed at 37°C for 30 min. The coverslips were then mounted onto glass 

slides using p-phenylene diamine and Cytoseal. Images were obtained using a Leica 

TCS-4D scanning confocal microscope using a lOOx oil immersion objective and were 

processed using Adobe Photoshop (Adobe Systems Inc., San Jose, CA). Experiments 
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with PMA was done exactly as above using 10 jiM PMA instead of PGFia- Pretreatments 

with 100 nM Go 6976 were done for 5 min prior to treatment with either vehicle. POF^a 

or PMA. Pretreatment with 0.4 M sucrose was for 15 min. Pretreatment with 5 ^ig/ml 

filipin was for 30 min, while the pretreatment with 100 nM wortmannin was for 15 min. 

4.2.3 Immunoblot analysis 

FP^ and FP^ cells were cultured to 80% confluency in 10-cm plates. After 

treatment with 1 fiM PGF2a, or with vehicle, the cells were scraped and sonicated in a 

lysis buffer consisting of 20 mM tris-HCl (pH 7.5), 10 mM ethylenediaminetetraacetic 

acid (EDTA), 2 mM ethylene glycol-bis (P-aminoethyl ether)-N,N,N\N'-tetraacetic acid 

(EGTA), 2 mM phenylmethylsulfonylfluoride (PMSF), 0.1 mg/ml leupeptin, and 2 mM 

sodium vanadate. Samples were centrifuged (16,000 x g) for 15 min at 4°C. the 

supernatant (cytosolic fraction) was removed, and the pellet (particulate fraction) was 

solubilized with lysis buffer containing 0.5% Triton X-IOO and centrifuged again to 

remove insoluble debris as previously described (Fujino and Regan, 2001). Protein 

concentrations were determined using a BioRad assay kit and 30 |ig of protein/sample 

was separated on 7.5% SDS-PAGE gels. The proteins were then transferred to 

nitrocellulose membranes and were blocked with 1.5% non-fat dry milk in tris buffered 

saline containing 0.1% polyoxyethylenesorbitan monolaurate (TBST) overnight at 4°C. 

The membranes were then incubated with anti- phosphotyrosine antibodies (1:1,000 

dilution) for 1 h at room temperature with rotation. After three 15 min washes each with 

TBST, the membranes were incubated with anti-mouse secondary antibodies conjugated 

to horse radish peroxidase (1:10,000 dilution) for I h at room temperature with rotation. 

The membranes were washed and visualized by enhanced chemiluminescence 
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(SuperSignal. Pierce, Rockford, EL). To examine presence of clathrin heavy chain the 

membranes were stripped in a buffer containing 2% SDS, 62.5 mM tris-HCl pH 6.8, and 

100 mM P-mercaptoethanol for 30 min at 65°C. The membranes were washed, blocked 

overnight at 4°C, and incubated with the clathrin heavy chain antibodies (1:2000 dilution) 

for 1 h at room temperature. The membranes were then washed, incubated with anti-

mouse secondary antibodies and exposed to film as above. 
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4.3 Results 

4.3.1 Agonist dependent internalization of the FLAG-FP^ contrasts with constitutive 
internalization of the FLAG-FP^ isoform 

Immunofluorescence microscopy was used to examine the internalization of the 

FP^ and FP^ isoforms in HEK-293 cells stably expressing the FLAG-tagged constructs of 

these receptors. Initial labeling of cell surface receptors was achieved according to a 

modified method of Orsini and Benovic (1998) in which live cells were exposed to either 

vehicle or 1 jiM PGFiot concurrently with anti-FLAG M2 antibodies for 10 min as 

detailed in experimental procedures. Figure 4.1 shows that after treatment of cells with 

vehicle (top left panel) the FLAG-FP^ receptors are localized almost exclusively on the 

outer cell membrane while the FLAG-FP[, receptors show a more punctate localization on 

both the outer membrane and intracellularly (top right panel). Thus, FLAG-FPj, receptors 

undergo constitutive internalization even in the absence of PGFia- After treatment with 

PGF^a, however, the localization of the FLAG-FP,^ receptors shifts to a more punctate 

pattern with an increase in intracellular labeling reflecting receptor internalization 

(bottom left panel). Agonist-induced internalization of the FLAG-FP^ receptors was 

difficult to assess because of the constitutive internalization and treatment of FLAG-FP„ 

expressing cells with PGF2a does not produce any obvious changes in receptor 

localization (bottom right panel). 

Several lines of evidence support the view that the punctate labeling observed for 

FLAG-FPf, expressing cells represents internalized receptors and not aggregated receptors 

on the cell surface. The first comes from live cell labeling experiments performed after 

quickly lowering the temperature to 4"C, which effectively stops the internalization 
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process (e.g.. see Parent et ai, 2001). Under these conditions the immunofluorescence 

labeling of both the FP^ and FF^ expressing cells is quite similar and appears exclusively 

on the outer cell membrane (data not shown). Similar results were obtained when FLAG-

FPg expressing cells were fixed, but not permeabilized, and then labeled. Under these 

conditions the labeling of both FP^ and FP^ expressing cells was similar to the live cell 

labeling obtained at 4"C and consisted of diffuse fluorescence on the outer cell 

membrane. A third line of evidence comes from our use of confocal microscopy for 

imaging. Thus, for the present study images were taken with a focal plane close to the 

midpoint of the cell so as to obtain a cross sectional view. Under these conditions puncta 

that are not associated with the outer membrane are likely to be internal. 

4.3.2 Inhibition of PKC, by Go 6976, inhibits agonist dependent internalization of 
FLAG-FP^ receptors but has no effect on the localization of FLAG-FP^ receptors 

Go 6976, a specific inhibitor of PKC. was used to study the role of PKC in the 

agonist induced internalization of the FLAG-FP^ receptors and to determine if PKC 

activity was required for the constitutive internalization of the FLAG-FP^ receptors. Cells 

were pretreated with 100 nM Go 6976 for 5 min at 37°C and were incubated with either 

vehicle or 1 (iM PGF2u concurrently with the anti-FLAG M2 antibodies for 10 min. As 

shown in the upper panels of figure 4.2, pretreatment with Go 6976 itself did not affect 

the localization of either the FLAG-FP^ or the FLAG-FP^ receptors in the vehicle treated 

cells; i.e. the FLAG-FP,^ receptors are still localized predominantly on the cell surface 

while the FLAG-FP[, receptors show punctate labeling on both the cell surface and 

intracellularly (compare with top panels of Figure 4.1). On the other hand, in cells that 

were treated with PGFia- Go 6976 pretreatment blocked the internalization of the FLAG-
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FP^ (bottom left panel), but did not affect the localization of FLAG-FFQ receptors 

(bottom right panel). 

4.3.3 Activation of PKC by PMA induces FLAG-FP^ receptor internalization but 
has no effect on the localization of FLAG-FP^ receptors 

Since inhibition of PKC by Go 6976 blocked the PGF^a induced internalization of 

FLAG-FP^ receptors we decided to examine the effects of PMA. a direct activator of 

PKC, on the localization of FLAG-FP^ and FLAG-FP^ receptors, both alone and 

following pretreatment of the cells with Go 6976. Cells were pretreated with either 

vehicle or 100 nM Go 6976 for 5 min at 37°C and were stimulated with 10 |iM PMA for 

10 min concurrently with the anti-FLAG M2 antibodies at 37°C. They were then fixed 

and examined by fluorescence microscopy. As seen in the upper panels of figure 4.3, 

treatment with PMA alone induces internalization of FLAG-FP^ receptors, but does not 

influence the distribution of FLAG-FP„ receptors. However when FLAG-FP^^ cells were 

pretreated with Go 6976, PMA mediated internalization was blocked (bottom left panel). 

Pretreatment of the FLAG-FP^ cells with Go 6976. did not change the pattern of receptor 

localization as compared to treatment with PMA alone (bottom right panel). 

4.3.4 Sucrose blocks PGF2a and PMA stimulated internalization of FLAG-FP^ 
receptors, but does not affect the constitutive internalization of FLAG-FP„ receptors 

Previous studies on GPCRs have indicated that agonist dependent internalization 

is frequently a clathrin-dependent process. To test the role of clathrin in both the agonist 

induced internalization of FLAG-FP^ receptors and the constitutive internalization of 
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FLAG-FPg receptors we examined the effects of sucrose, a known inhibitor of clathrin 

dependent internalization, on the immunofluorescent localization of these receptors. Cells 

stably expressing either FLAG-FP^ or FLAG-FP^ receptors were pretreated with 0.4 M 

sucrose for 15 min, followed by treatment with either vehicle, I ^iM PGF2a, or 10 pM 

PMA for 10 min concurrently with the anti-FLAG M2 antibodies at 37°C. As shown in 

the upper panels of figure 4.4 sucrose pretreatment alone does not affect the localization 

of either FLAG-FP^ receptors or FLAG-FP^ receptors. Interestingly, however, sucrose 

pretreatment blocks internalization of FLAG-FP^ receptors but does not affect the 

localization of FLAG-FP^ receptors after stimulation with PGFia middle panels). 

Similarly, pretreatment with sucrose blocks PMA mediated internalization of FLAG-FP^ 

receptors but does not affect the localization of FLAG-FP^ receptors (bottom panels). 

4.3.5 Filipin blocks the PGF2a stimulated internalization, and the constitutive 
internalization of FLAG-FP^ receptors. Filipin also affects agonist dependent 
internalization of the FLAG-FP^ receptors 

Studies on some GPCRs which internalize in a clathrin-independent manner have 

shown the involvement of caveolae-mediated internalization. We therefore wanted to test 

the hypothesis that the constitutive internalization of the FP^ receptor isoform occurs 

through caveolae. The results obtained with pretreatment with 5 ^g/ml filipin are shown 

in figure 4.5. Panel A shows that filipin does not affect the surface localization of the FP^ 

receptors, however filipin may attenuate the PGF2a-induced internalization of the FP,^ 

receptor isoform as there is the presence of some punctate intracellular labeling in the 

PGF2a-treated FP^ receptor expressing cells. As concerns the FP^ receptor isoform (panel 

B), filipin pretreatment seems to attenuate the constitutive internalization of the FPg 

receptor isoform (comparing the DMSO pretreated and vehicle treated cells with the 
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filipin pretreatment and vehicle treated cells). Filipin pretreatment completely blocks the 

internalization of the FPg receptor isoform after stimulation with PGF2a. The filipin 

experiments however were not conclusive and need to be repeated and reassessed. 

4.3.6 Wortmannin an inhibitor of PI3K blocks the constitutive internalization of 
FLAG-FPg receptors. Filipin does not affect the agonist dependent internalization of 
the FLAG-FP^ receptors 

The role of phosphatidyl inositol 3-ldnase (PI3-K) in internalization of GPCRs to 

our best knowledge was heretofore unknown. Unpublished data from our laboratory and 

personal communication with Dr. Fujino, showed that wortmannin, a selective inhibitor 

of PI3K, attenuated the decreased whole cell binding in the FP^ but not the FP^ cells upon 

stimulation with PGFia- It was therefore hypothesized that wortmannin would attenuate 

the constitutive internalization of the FP„ receptor isoform but would not affect the 

distribution of the FP^ receptor isoform. As shown in figure 4.6. 100 nM wortmannin 

pretreatment for 15 min did not affect either the PGF2a-stimulated internalization or the 

vehicle-stimulated cell surface expression of the FP^ receptor isoform (panel A, Top and 

bottom). As concerns the FP,, receptor isoform, wortmannin pretreatment seems to 

significantly attenuate the constitutive internalization of the FP[, receptors when 

compared to that in the DMSO-treated cells (panel B. Top two). Furthermore, the 

presence of punctate labeling intracellularly is reduced in the FP^ receptor expressing 

cells that have been pretreated with wortmannin as compared to the FP^ receptor 

expressing cells that have been pretreated with DMSO (panel B, bottom two). 
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4.3.7 PGF2a stimulates tyrosine phosphorylation of a p200 protein in FLAG-FP^ but 
not in FLAG-FPg cells 

Previous studies have shown that internalization of some GPCRs by a clathrin-

dependent mechanism results in the activation of tyrosine kinases (Maudsiey, 2000). To 

examine the potential for tyrosine phosphorylation of intracellular proteins following the 

internalization of FP receptors, cells stably expressing either FLAG-FP,^ or FLAG-FP^ 

receptors were treated with 1 |iM PGFia and were subjected to immunoblotting with anti-

phosphotyrosine antibodies as described in experimental procedures. As shown in Figure 

4.7 (panel A), a band of approximately 200 kDa was tyrosine phosphorylated in an 

agonist dependent manner in FLAG-FP^ expressing cells but not in the FLAG-FP^ 

expressing cells. The size of this p2(X) tyrosine phosphorylated protein is close to the 

known size of clathrin heavy chain (- 180 kDa) and therefore these experiments were 

repeated, immunoblotting first with anti-phosphotyrosine antibodies followed by 

stripping and reprobing with anti-clathrin heavy chain antibodies. As shown in the upper 

panel of figure 4.7 panel b, treatment of FLAG-FP^ cells with 1 |iM PGF^a for 10 min 

again resulted in agonist induced tyrosine phosphorylation of the p2(X) protein (arrow), 

which was not observed in FLAG-FP^ expressing cells. Reprobing with anti-clathrin 

heavy chain antibodies (Figure 4.7 B, lower panel) shows that both the FLAG-FP^ cells 

and FLAG-FPo cells contained similar amounts of clathrin heavy chain which co-

migrated with the p200 tyrosine phosphorylated protein shown in the upper panel. To 

directly test if this p200 protein might be clathrin heavy chain, cell lysates were 

immunoprecipitated with antibodies to clathrin heavy chain and were then 

immunoblotted with anti-phosphotyrosine antibodies. The results were inconclusive (data 

not shown) with our methods and the exact identity of the p200 tyrosine phosphorylated 

protein remains to be confirmed. 
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Figure 4.1 Immunofluorescence localization of FLAG-tagged FPA and FPB 
prostanoid receptor isoforms after treatment with either vehicle or 1 PGFaa for 
10 min at 37°C 

HEK-293 cells stably expressing either the FLAG-FP,^ or FLAG-FP^ isoforms were 

labeled concurrently with anti-FLAG M2 antibodies and examined by fluorescence 

microscopy as described in Experimental procedures. Scale bars represent 10 nm. The 

data shown are representative of three independent experiments. 
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Figure 4.2 Effect of Go 6976 on immunofluorescence localization of FLAG-FP^ and 
FLAG-FPg prostanoid receptor isoforms after treatment with either vehicle or 1 [iM 
PGF2a for 10 min at 37°C 

HEK-293 cells stably expressing FLAG-FP.^ or FLAG-FFQ isoforms were pretreated for 5 

min with 100 nM Go 6976 and were labeled concurrently with anti-FLAG M2 antibodies 

and examined by fluorescence microscopy as described in experimental procedures. 

Scale bars represent 10 |im. The data shown are representative of three independent 

experiments. 



Figure 4.3 Immunofluorescence localization of FLAG-tagged FP^ and FP^ 
prostanoid receptor isoforms after treatment with either vehicle or 10 PMA for 
10 min at 37°C 

HEK-293 cells stably expressing FLAG-FP,^ or FLAG-FP^ isoforms were pretreated for 5 

min with 100 nM Go 6976 and were labeled concurrently with anti-FT^AG M2 antibodies 

and examined by fluorescence microscopy as described in experimental procedures. 

Scale bars represent 10 |im. The data shown are representative of three independent 

experiments. 
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Figure 4.4 EfTect of sucrose on the immunofluorescence localization of FLAG-
tagged FP^ and FP„ prostanoid receptor isoforms after treatment with either 
vehicle, 1 PGF20 or 10 ^iM PMA for 10 min at 37°C 

HEK-293 cells stably expressing FLAG-FP,^ or FLAG-FPp isoforms were pretreated for 

15 min with 0.4 M sucrose and were labeled concurrently with anti-FLAG M2 antibodies 

and examined by fluorescence microscopy as described in experimental procedures. 

Scale bars represent 10 fim. The data shown are representative of three independent 

experiments. 
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Vehicle 

Figure 4.5 Effect of filipin on the immunofluorescence localization of FLAG-tagged 
FP^ and FP^ prostanoid receptor isoforms after treatment with either vehicle or 1 
HM PGF2a for 10 min at 37°C 

HEK-293 cells stably expressing FLAG-FP,^ or FLAG-FPp isoforms were pretreated for 

30 min with either DMSO or 5 |ig/ml filipin and were labeled concurrently with anti-

FLAG M2 antibodies and examined by fluorescence microscopy as described in 

Experimental procedures. The data shown are representative of three independent 

experiments. 
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Figure 4.6. The effect of wortmannin on the immunofluorescence localization of 
FLAG-tagged FP^ and FP„ prostanoid receptor isoforms after treatment with either 
vehicle, or 1 pM PGF2a, for 10 min at 37°C 

HEK-293 cells stably expressing FLAG-FP,^ or FLAG-FPo isoforms were pretreated for 

10 min with either DMSO or 100 nM wortmannin and were labeled concurrently with 

anti-FLAG M2 antibodies and examined by fluorescence microscopy as described in 

experimental procedures. 
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Figure 4.7. Time course of tyrosine phosphorylation of a p200 protein (arrow) in 
cells stably expressing either the FLAG-FP^ or FLAG-FPg receptors following 
treatment with 1 PGF2a (Panel A). Immunoblotting (IB) of total cell lysates with 
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anti-phosphotyrosine (PY20) antibodies (upper panel) and with anti-ciathrin heavy 
chain (CHC) antibodies (lower panel) following treatment of FLAG-FP^ or FLAG-
FPg expressing cells with 1 PGFaa for 10 min (panel B) 

For panel A. Cells were incubated with 1 |i.M PGF,. for the indicated times and 

particulate fractions were prepared and subjected to SDS-PAGE and immunoblotting (IB) 

with anti-phosphotyrosine antibodies (PY20) as described in experimental procedures. 

Position of the 118 kDa molecular weight marker is indicated. The data shown are 

representative of three independent experiments. For panel B. Particulate fractions were 

prepared from cell lysates and subjected to SDS-PAGE and immunoblotting as described 

in experimental procedures. The membranes were first probed with anti-phosphotyrosine 

antibodies and were stripped and reprobed with anti-clathrin heavy chain antibodies. 

Position of the 118 kDa molecular weight marker is indicated. The data shown are 

representative of three independent experiments. 
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4.4 Discussion 

The importance of the carboxy terminus in receptor desensitization and 

internalization has been generally recognized for a number of GPCRs, although its 

impact on the internalization of prostanoid receptors is not well established. This is 

particularly true of the FP receptors in which alternate mRNA splicing gives rise to two 

isoforms that differ only in their carboxyl terminal domains. These two isoforms. termed 

FP^ and FP„, differ from one another in that the FPj, is truncated by 46 amino acids as 

compared with the FP^. Contained within these 46 amino acids are four consensus sites 

for PKC and we have previously shown that the FP^ isoform but not the FP^, is 

phosphorylated by PKC and subject to a rapid negative feedback involving PKC (Fujino 

et al., 20(X)b). 

We have also shown in functional studies that the FP^ and FP^ receptor isoforms 

undergo a similar degree of desensitization, but that the FP,^ isoform resensitizes more 

rapidly than the FP„ (Fujino et al., 2000a). The potential role of receptor internalization in 

this process is unknown and until now even the basic characteristics of the internalization 

of these isoforms have never been described. To address this issue we FLAG-tagged the 

FP^ and FP[, isoforms and examined their localization by immunofluorescence 

microscopy with or without PGF2a treatment. We found that even without treatment with 

PGF2a the FPQ isoform undergoes a rapid constitutive internalization, whereas the FP^ 

isoform does not. In the presence of PGF2a, however, the FP^ isoform was internalized in 

a PKC-and clathrin-dependent manner. Because of constitutive internalization of the FP^ 

receptor isoform we could not determine if there was additional agonist-dependent 

internalization; however, we established that the constitutive internalization of the FP^ 

isoform is neither PKC-nor clathrin-dependent. 
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As noted above PGFia induced internalization of the FP^ receptor was dependent 

upon PKC in that internalization was blocked when cells were pretreated with Go 6976. 

an inhibitor of PKC. It would therefore appear likely that phosphorylation of the carboxy 

terminus by PKC is required for the internalization of the FP^ isoform. This is further 

strengthened by the fact that direct activation of PKC by PMA could induce FP^ receptor 

internalization even in the absence of PGFiot- Since activation of PKC by PMA leads to 

internalization of the FP,^ receptor, cells expressing the FP^ receptors are potential 

candidates for heterologous desensitization similar to shown for the somatostatin receptor 

(Hipkin et al.. 2000) and the opiate receptor (Xiang et al., 2001). On the other hand the 

constitutive internalization of the FP,, isoform clearly did not require PKC as it was 

unaffected by treatments with either Go 6976 or PMA. It thus appears that PKC has a 

major role in the internalization of the FP^^ isoform, although it does not preclude a role 

for a G-protein receptor kinase. Dileucine and tyrosine based motifs have also been 

shown to play a role in phosphorylation dependent, clathrin mediated receptor 

internalization (Mukherjee et al., 1997; Parent et al., 2001). Inspection of the unique 

carboxyl terminal sequence of the FP,^ isoform relative to the FP^ isoform did not reveal 

any such motifs that could explain the different internalization of these isoforms. Further 

mutagenesis studies, however, could shed light on whether or not a functionally similar 

motif is present as well as the specific PKC sites that are responsible for internalization. 

Two lines of evidence indicate that the internalization of the FP^ receptor isoform 

involves a clathrin dependent mechanism. Thus, both PGFia and PMA induced 

internalization of the FP^ isoform were blocked by hypertonic sucrose. Hypertonic 

sucrose is a known inhibitor of clathrin dependent receptor internalization and has been 

shown to inhibit the internalization of both GPCRs and tyrosine kinase receptors. 

Interestingly, the constitutive internalization of the FPj, isoform was not blocked by 
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pretreatment with hypertonic sucrose indicating that the internalization of the FP^ isoform 

does not involve a clathrin-dependent mechanism. A second line of evidence suggesting 

that clathrin is involved in the internalization of the FP^ isoform, but not the FP^, is our 

observation of the possible tyrosine phosphorylation of clathrin heavy chain in FP^ 

expressing cells, but not in FP^ expressing cells following treatment with PGFia-

Presently we have not been able to confirm the tyrosine phosphorylation of clathrin 

heavy chain, nor do we know the kinase or pathway involved. However, tyrosine 

phosphorylation of clathrin heavy chain has been shown to occur following the agonist-

induced internalization of the epidermal growth factor (EGF) receptor (Wilde et al., 

1999). Furthermore, transactivation of the EGF receptor has been demonstrated following 

the activation of Pi-adrenergic receptors (Maudsley et al., 2000) which provides a 

potential mechanism linking GPCR activation to an EGF receptor mediated tyrosine 

phosphorylation of clathrin heavy chain. Recent studies have also shown that the 

nonreceptor tyrosine kinase, c-src, is recruited to the Pi-adrenergic receptor during 

agoni.st-induced intemalization (Miller et al., 2000), which could also mediate a tyrosine 

phosphorylation of clathrin heavy chain. Further work will provide answers to these 

possibilities. 

In contrast to the FP^ isoform, the FP^ isoform showed a remarkable degree of 

spontaneous receptor intemalization, which occurred in the absence of agonist treatment. 

This constitutive intemalization has also been observed for other GPCRs, most notably 

for truncation mutants of |i opioid receptors and somatostatin-2 receptors (Segredo et al., 

1997; Schwartkop et al., 1999). Truncation per se, however, is unlikely to be the basis for 

constitutive intemalization as it has been recently shown that TPp the longer of the two 

carboxy terminal splice variants of the thromboxane receptor, undergoes constitutive 

intemalization whereas TPQ the shorter isoform, does not (Parent et al., 2001). This 
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constitutive internalization of the TPp "isoform was associated with a specific amino acid 

motif which is not present in the FP,, isoform. Another significant difference between the 

spontaneous internalization of the FP„ and TPp receptor isoforms is that internalization of 

the TPp isoform was blocked by sucrose, whereas internalization of the FP^ isoform was 

not. In spite of these differences, it is interesting that for both the TP and FP receptor 

subtypes there are two known carboxy terminal splice variants that differ from one 

another in their degrees of constitutive receptor intemalization. Although the full 

biochemical consequences of the constitutive intemalization of these receptor isoforms 

are unknown, they are probably relevant to the physiological functions of these isoforms. 

As concerns the intemalization of the FP^ receptor isoform, the constitutive 

intemalization although clathrin-independent could still be dynamin-dependent. The 

intemalization of GPCRs can also occur through caveolae. Caveolae are flask shaped 

invaginations of the cell membrane which are rich in a marker protein, caveolin (Nichols 

and Lippincott-Schwartz. 2001). Filipin is a chemical inhibitor of caveolae formation. In 

our system, pretreatment of the stable cells lines expressing either FP receptor isoform 

with filipin did not affect the cell surface localization of the FP^ receptor isoform. Filipin 

pretreatment however seemed to attenuate the agonist-induced intemalization of the FP^ 

receptor isoform. This could be due to both clathrin-dependent as well as caveolin-

dependent intemalization. We believe, the pretreatment with filipin may slow down the 

kinetics of the FP,^ receptor intemalization and this hypothesis needs to be investigated. 

The constitutive intemalization of the FPQ receptor isoform however, seems to be 

inhibited by pretreatment with filipin. The effect of filipin on constitutive intemalization 

is still open to question, as in some experiments, filipin did not seem to completely 

inhibit the constitutive intemalization of the FP^ receptor isoform in all the cells 

examined. Filipin pretreatment completely blocked the agonist-dependent intemalization 
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of the FPg receptors. The role of caveolae in internalization of the FP,, receptor isoform 

needs to be further explored, utilizing both immunohistochemical as well as western 

blotting techniques. 

The results obtained when cellular disposition of the FP^ receptors was 

determined after pretreatment with PI3-K are interesting. Since its discovery in 1988, the 

activity of PI3-K has been associated with the actions of diverse signal transduction 

systems, including endosomal trafficking, growth factor signal transduction and cell 

survival (Corvera, 2001). Although involved in endosomal trafficking and some effects 

on cell morphology, PI3-K has not yet shown to be involved in regulating internalization 

of GPCRs (Okkenhaug and Vanhaesebroeck, 2001; Vanhaesebroeck et al., 2001). 

Unpublished data from our laboratory had shown that PI3-K is constitutively active in the 

FPg receptor expressing cells but not in the FP^ expressing cells. It has also been noted 

that pretreatment of the FP receptor expressing cells with wortmannin lead to a decrease 

in receptor internalization as measured by whole cell surface receptor radioligand 

binding. We therefore investigated whether PI3-K participates in the internalization of the 

FPQ receptors using wortmannin, a selective inhibitor of P13-K, pi 10 regulatory subunit. 

The attenuation of constitutive internalization of the FP,, receptor isoform upon inhibition 

of PI3-K was an unexpected result. However, PI3-K may play a role downstream of 

endocytosis. PI3-K has been shown previously to play a role in platelet derived growth 

factor (PDGF)-dependent trafficking of the PDGF receptor at a post-endocytic level (Joly 

et al., 1995). Joly et al. showed that with the PDGF receptor, inhibiting the PI3-K with 

wortmannin results ii. directing the endocytosed receptors to degradation. Whether the 

FP|j receptor that internalize, recycle rapidly to the cell membrane or degrades needs 

further study. PI3-K may play a role similar to that observed in the PDGF receptor 

system. The exact physiological consequence of this effect of PI3-K is currently being 
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explored. One issue that offers an intriguing possibility is the fact that as mentioned in 

chapter 1. the basal accumulation of total inositol phosphates is higher in the FP„ as 

compared to the FP^ suggesting a constitutively active receptor. The internalization of the 

FP3 receptor isoform could lead to decreased generation of inositol phosphates, 

subsequent decreased signaling, and thereby play a protective role against aberrant 

signaling. The spatial-temporal dynamics and relationship between the FPj, receptor 

isoform and PI3-K activity needs to be explored and could lead to identification of novel 

regulatory and signaling mechanisms. 

In conclusion, we have shown that significant differences exist between the 

translocation of the FP receptor isoforms from the cell surface membrane, including 

identification of some of the key players involved. However, work needs to be done to 

establish the fate of the internalized receptors and the physiological consequences. 
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CHAPTER FIVE 

PHOSPHATIDYL INOSITOL 3-KINASE DIFFERENTIALLY REGULATES 
TYROSINE PHOSPHORYLATION OF DYNAMIN AND ERK SIGNALING 

BETWEEN THE FP RECEPTOR ISOFORMS 
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5.1 Introduction 

The autacoid prostaglandin Fia regulates numerous physiological processes 

including luteolysis and inflammation. The cellular effects of PGF^a are mediated by its 

action on the FP prostanoid receptor. Alternative splice variants of the FP prostanoid 

receptors, the FP^ and the FPj, were cloned from a sheep corpus luteum library (Pierce et 

al., 1997). The FP„ is essentially a carboxyl terminal truncated variant of the FP^ receptor 

isoform. Although both FP receptor isoforms activate the as well as the rho signaling 

pathways, they are differentially regulated by PKC as it only phosphorylates the FP^ 

receptor and results in desensitization (Pierce et al., 1999; Fujino et al., 2000b). Another 

difference between the FP receptor isoforms concerns their subcellular distribution in the 

presence or absence of PGF2a- The FP^ undergoes internalization in an agonist and 

clathrin dependent manner and is regulated by PKC. The FP^ receptor isoform undergoes 

constitutive internalization, independent of clathrin or PKC. The constitutive 

internalization of the FP^ isoform, may occur through a caveolin dependent mechanism. 

Tyrosine phosphorylation of a variety of proteins is a key aspect of intracellular 

signaling (Hunter, 1998; Sridhar et al., 2000). While looking at proteins that were 

tyrosine phosphorylated in an agonist-dependent manner, we found that a 200 kDa 

protein is tyrosine phosphorylated in the FP^ expressing cells, but not in the FPj, 

expressing cells. CHC, a 180 kDa protein, migration at the same position as the tyrosine 

phosphorylated protein. We therefore proposed that the 180 kDa protein tyrosine 

phosphorylated in an agonist dependent manner in the FP,^ cells was CHC. Towards 

testing our hypothesis CHC was immunoprecipitated and its tyrosine phosphorylation 

status was assessed. 
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In addition to activating classical G protein signaling pathway, GPCRs can also 

activate mitogen-activated protein kinases (MAPKs), such as the extracellular signal-

regulated kinase (ERKs), c-Jun NH,-terminal kinases (JNKs) and p38 MAPKs, thereby 

influence cell proliferation, cell differentiation and mitogenesis (Arbabi and Maier. 

2002). PGF2a is known to activate MAPK pathways including the ERK pathways (Stocco 

et al., 2002). The activation of the ERK pathway by PGFia has been shown to be 

involved in a variety of physiological responses. These include contraction of the iris 

sphincter smooth muscle, induction of a steroidogenic enzyme (20a-HSD). a rapid and 

transient expression of nur 77 which regulates progesterone catabolism in ovarian and 

luteal cells, expression of c-fos and c-jun transcription factors and induction of heat shock 

proteins in osteoblasts (Kozawa et al., 1999; Ansari et al., 2001; Tai et al., 2001; Stocco 

et al., 2002). We therefore decided to test whether both FP receptor isoforms active ERKs 

when stimulated by PGFaa-

Studies on the p-adrenergic receptor have implicated internalization by a (3-

arrestin in a clathrin-dependent manner and transactivation of the epidermal growth 

factor receptor (EGFR) in the activation of ERKs (Pierce et al., 2001). We wanted to 

evaluate the relationship between internalization of the FP receptor isoforms with the 

activation of ERKs. Our hypothesis was that the activation of ERKs by the FP, but not 

the FPg receptor isoform is dependent on receptor internalization. 

We now report that dynamin, and not CHC, is tyrosine phosphorylated in an 

agonist-dependent manner in the FP, expressing cells. Dynamin is tyrosine 

phosphorylated in the absence of PGF^atreatment, in the FPj,-expressing cells, suggesting 

that the constitutive internalization of the FP^ receptor isoform occurs through a 

dynamin-dependent clathrin- independent mechanism. We have also shown that both FP 

receptor isoforms activate ERKs upon stimulation with PGFia- The pathway for ERK 
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activation by both FP isoforms is dependent on PKC and src family tyrosine kinases. 

Wortmannin, an inhibitor of PI3-K, attenuates ERK activation by the FP^ receptor but 

does not affect activation of ERKs by the FP^ receptors. Finally, we also report that 

inhibiting internalization of the FP receptor isoforms does not contribute to inhibition of 

ERK activation and speculate that internalization may play a protective role in inhibiting 

aberrant signaling of the constitutively internalizing FPj, receptor isoform. 

5.2 Experimental Procedures 

5.2.1 Immunoprecipitation of Clathrin Heavy Chain and Western Blotting 

HEK-293 cells stably expressing the FLAG-tagged FP,^ and FPj, prostanoid 

receptor isoforms were generated and cultured as described previously (Fujino et al., 

2000b). Cells (-1000,000/plate) were plated in 10-cm tissue culture plates (Falcon) and 

were grown without changing the media (DMEM with antibiotics). When the cells were 

at between 80-90% confluent, the cells were incubated overnight with DMEM containing 

0.1% fetal bovine serum. The cells were then treated with either vehicle or 1 jiM PGF2a 

for 10 min at 37"C. The cells were then washed 2x with ice cold PBS (4 ml/plate) to 

remove residual drugs. 500 |U.l of lysis buffer was then added to each tube, cells were 

scraped into falcon 5094 tubes (14 ml tubes) and immediately frozen in liquid N,. After 

thawing on ice, the lysates in each tube were flash sonicated using a probe sonicator at 

setting 4, till bubbles were seen. The lysates were then immediately transferred to micro

centrifuge tubes. After centrifuging at 16,000 g for 15 min at 4"C, the pellets were 

washed with 500 fil lysis buffer (supernatant was collected as the cytosolic fraction). The 

resulting pellets were then lysed with 200 |il of lysis buffer now containing 0.05% triton-
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X 100. This was followed by another round of centrifugation at 16,000 g at 4"C and the 

resulting supernatant was collected as the particulate fraction. The particulate fractions 

were then assayed for protein, between 200-400 fig of protein per sample was used to 

immunoprecipitate clathrin. For the immunoprecipitation itself, 3 |il of anti-CHC 

antibody was rotated with set amount of particulate fraction in a total volume of 300 |il 

(q.s. with lysis buffer, with protease inhibitors) for 2 h at 4 "C. this step was followed by 

addition of 10 |il each protein A (1:1 slurry) and protein G (1:1 slurry) and rotation for 1 

h in the cold. The beads were washed three times, 10 |il/sample Laemmli sample buffer 

was added and the samples were boiled and electrophoresed on 7.5% SDS-

polyacrylamide gels. Proteins were transferred onto nitrocellulose membrane and blocked 

for 1 h at room temperature in 1.5% non-fat dry milk in tris-buffered saline containing 

0.05% tween and 0.05% NP-40 (TBS-TN). The membranes were then incubated with a 

1:1000 dilution of a monoclonal anti-phosphotyrosine antibody (PY-20, Transduction 

laboratories) overnight at 4"C. The following day the membranes were washed three 

times and incubated for I h at room temperature, with a 1:20,000 dilution of goat-

antimouse secondary antibody conjugated to horseradish peroxidase (Jackson 

laboratories). After washing three times, immunoreactivity was detected using enhanced 

chemiluminescence (Pierce). To ensure that clathrin heavy chain was 

immunoprecipitated, and to determine if dynamin co-precipitates with clathrin heavy 

chain, the membranes were stripped and reprobed with a 1:2000 dilution of anti-CHC 

antibody (Transduction laboratories) and a 1:20,000 dilution of goat anti-mouse 

horseradish peroxidase conjugated secondary antibody (Jackson laboratories). 



128 

5.2.2 Immunoprecipitation of Dynamin and Western Blotting 

HEK-293 cells stably expressing the FLAG-tagged FP^ and FP^ prostanoid 

receptor isoforms were generated and cultured as described previously. Cells 

(~l000,000/plate) were plated in 10-cm tissue culture plates (Falcon) and were grown 

without changing the media (DMEM with antibiotics). When the cells were at between 

80-90% confluent, the cells were incubated overnight with DMEM containing 0.1% fetal 

bovine serum. The cells were then treated with either vehicle or I |iM PGFia for 10 min 

at 37"C. The cells were then washed 2x with ice cold PBS (4 ml/plate) to remove residual 

drugs. Lysis buffer (500 ^il) was then added to each tube, cells were scraped into falcon 

5094 tubes (14 ml tubes), and immediately frozen in liquid N,. After thawing on ice, the 

lysates in each tube were flash sonicated using a probe sonicator at setting 4, till bubbles 

were seen. The lysates were then immediately transferred to micro-centrifuge tubes. After 

centrifuging at 16,000 g for 15 min at 4"C, the pellets were washed with 500 |a.l lysis 

buffer (supernatant was collected as the cytosolic fraction). The resulting pellets were 

then lysed with 200 |il of RIPA lysis buffer. This was followed by another round of 

centrifugation at 16,000 g at 4"C, and the resulting supernatant was collected as the 

particulate fraction. The particulate fractions were then assayed for protein and between 

200-400 ng of protein per sample was used to immunoprecipitate dynamin. For the 

immunoprecipitation itself, 3 |j.l of anti-CHC antibody was rotated with set amount of 

particulate fraction, in a total volume of 300 |il (q.s. with RIPA buffer containing 

protease inhibitors) for 2 h at 4"C. This was followed by addition of 10 ^il each protein A 

(1:1 slurry) and protein G (1:1 slurry) and rotation for 1 h in the cold. The beads were 

washed three times, 10 |il Laemmli sample buffer was added and the samples were boiled 

and electrophoresed on 7.5% SDS-polyacrylamide gels. Proteins were transferred onto 
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nitrocellulose membrane, and blocked for 1 h at room temperature in 1.5% non-fat dry 

milk in TBS-TN. The membranes were then incubated with a 1:1000 dilution of a 

monoclonal anti-phosphotyrosine antibody (PY-20, Transduction laboratories) overnight 

at 4"C. The membranes were then washed three times and incubated for 1 h at room 

temperature, with a 1:20.000 dilution of goat-antimouse secondary antibody conjugated 

to horseradish peroxidase (Jackson laboratories). After washing three times, 

immunoreactivity was detected using enhanced chemiluminescence (Pierce). To ensure 

that dynamin was immunoprecipitated, the membranes were stripped and reprobed with a 

1:2000 dilution of anti-DYN antibody (Transduction laboratories) and a 1:20.000 dilution 

of goat anti-mouse horseradish peroxidase conjugated secondary antibody (Jackson 

laboratories). 

5.2.3 Western Blotting for determining ERK activation 

HEK-293, stably expressing the FLAG-tagged FP^ or FPj, isoforms, were cultured 

as above and split into six-well plates (~ 100,000 cells/well). The cells were allowed to 

grow until about 80% confluent and the cells were serum starved overnight with DMEM 

with 0.1% fetal bovine serum. Following vehicle or drug treatments the cells were lysed 

with 100-200 |il RIPA buffer at 4"C. The lysates were scraped and transferred into 

microcentrifuge tubes. The lysates were then centrifuged at 16,000 g for 15 min, at 4"C. 

The supernatant was used for the experiments. Following determination of protein 

content using the Bio-Rad protein assay kit, 20 |ig of protein was separated on 12% SDS-

polyacrylamide gels. The proteins were then transferred onto nitrocellulose membranes. 

The membranes were then blocked with 2% non-fat dry milk in TBS-TN, for I h at room 

temperature. This was followed by an overnight incubation with 1:2000 phospho-specific 
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ERK-I/2 antibodies (Cell Signaling), at 4"C with rotation. After three washes, the blots 

were incubated with a 1:20,000 dilution of goat-anti mouse antibody conjugated to 

horseradish peroxidase (Jackson laboratories) for 1 h at room temperature. After washing 

three times, immunoreactivity was detected using SuperSignal enhanced 

chemiluminescence (Pierce). To ensure equal loading of proteins, the membranes were 

stripped and reprobed as before with a 1:1000 dilution of ERK-1, and 1:10.000 dilution 

of ERK-2 antibodies. Goat anti rabbit conjugated to horseradish peroxidase (1:20,000) 

was used as the secondary antibody. The membranes were also routinely checked for 

equal loading and transfer without bubbles, by staining with the water-soluble Ponceau S 

stain. Pretreatment with 10 (iM BIM was for 5 min vehicle used was DMSO. 

Pretreatments with 10 |iM PP2, or 10 |iM PP3 were for 10 min. The vehicle used was 

DMSO. Pretreatments with 0.4 M sucrose and 5 |ig/ml filipin was for 15 min. the 

vehicles used were water and DMSO respectively. BIM, PP2 and PP3 were from 

Calbiochem, while, sucrose, DMSO, and filipin was from Sigma. 
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5.3 Results 

5.3.1 Clathrin heavy chain is not tyrosine phosphorylated but a 100 kDa molecular 
mass protein is tyrosine phosphorylated in an PGFaa-dependent manner in the FP^ 
expressing cells, and in the basal state in the FF^ expressing cells 

To test whether clathrin heavy chain is tyrosine phosphorylated in an agonist-

dependent manner, clathrin was immunoprecipitated from particulate fractions, and 

subjected to Western blotting as detailed in experimental procedures. In figure 5.1, the 

top panel shows the immunoreactivity bands from a membrane that has been probed with 

a anti-phosphotyrosine antibody (PY20), while the bottom panel shows the 

immunoreactive bands from the same membrane, after it was stripped and reprobed with 

the anti-clathrin heavy chain (CHC) and anti-Dynamin (DYN) antibodies. There was no 

tyrosine phosphorylated band at about 180 kDa (size of CHC) observed (Top Panel, 

figure 5.1). However there is a distinct band present at about 100 kDa that is tyrosine 

phosphorylated in an agonist-dependent manner in the FP^ expressing cells. The 100 kDa 

band is tyrosine phosphorylated in the absence of POF^a treatment in the FP^ expressing 

cells. Funhermore, in the FP„ cells, the 100 kDa tyrosine phosphorylated band decrea.ses 

in intensity upon stimulation with PGFia- The bottom panel of figure 5.1 shows that CHC 

is immunoprecipitated in all the lanes. DYN co-precipitates with the clathrin heavy chain 

in both the FP^ and FPj, expressing cells. Thus the 100 kDa tyrosine phosphorylated band 

runs at the exact same size as the DYN band, and therefore is likely DYN. 
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5.3.2 DYN is tyrosine phosphorylated in an agonist-independent manner in the FP^ 
expressing ceils and in an agonist independent manner in the FP„ expressing ceils 

To test whether the tyrosine-phosphorylated band that co-precipitated with CHC 

was DYN we immunoprecipitated DYN from particulate fractions of cell lysates. The 

cells were treated with either vehicle (0 min) or 1 jiM PCF^a (10 min) for 10 min at 37"C. 

particulate fraction collected, and solubilized in RIPA buffer. Four hundred |ig/sample 

was immunoprecipitated with 1 |ig/ml DYN antibody, and subjected to Western blot 

analysis as detailed in experimental procedures. In figure 5.2. the top panel shows the 

immunoreactivity bands from a membrane that has been probed with an anti-

phosphotyrosine antibody (PY20), while the bottom panel shows the immunoreactivity 

bands from the same membrane, after it was stripped and reprobed with the anti-DYN 

antibody. In the FP^-expressing cells, a 100 kDa band is tyrosine phosphorylated in an 

agonist-dependent manner (first two lanes, top panel, figure 5.2). However, in the FPj, 

expressing cells the phosphorylation status of the 100 kDa band is different than that seen 

in the FP^-expressing cells. Thus, in the cells that have not been stimulated with PCF^a 

there is the presence of tyrosine phosphorylated 100 kDa band. After stimulation with 

PGFia the tyrosine phosphorylated band actually seems to decrease in intensity (last two 

lanes, top panel, figure 5.2). The bottom panel confirms that the 100 kDa band displaying 

varying phosphorylation is indeed DYN. Not only was DYN immunoprecipitated from 

both FP^ and FP,, cells, but similar amounts were also immunoprecipitated, irrespective 

of treatment with vehicle or PGF2a. 
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5.3.3 Wortmannin blocks both the agonist-independent and -dependent tyrosine 
phosphorylation of DYN in the FP„ expressing cells but does not affect the 
phosphorylation status of DYN in the FP^ expressing cells 

To test whether a tyrosine kinase downstream of PI3-K is responsible for tyrosine 

phosphorylation of DYN, cells were pretreated with 100 nM wortmannin, a chemical 

inhibitor of PI3-K or its vehicle DMSO. After the treatments with drugs, the particulate 

fractions were collected from and subjected to immunoprecipitation with DYN antibody, 

followed by Western blotting analysis. The top panel shows the immunoreactive bands 

from a membrane that has been probed for tyrosine phosphorylated proteins with the 

PY20 antibody, while the bottom panel shows the immunoreactive bands for the same 

membrane that has been probed with the anti-DYN antibody (Figure 5.3). In the first four 

lanes of the top panel we see that DYN is tyrosine phosphorylated in a PGFia-dependent 

manner, and pretreatment with wortmannin does not affect the phosphorylation of DYN 

in the FP^ expressing cells. The basal tyrosine phosphorylation of DYN is high in the 

result scanned. Wortmannin pretreatment may decrease the basal tyrosine 

phosphorylation of DYN in the cell expressing the FP^ receptor isoform. In the last four 

lanes of the top panel, we observed that in the cells expressing the FPj, receptor isoform, 

wortmannin blocks the tyrosine phosphorylation of DYN, independent of stimulation 

with PGFia- The bottom panel (Figure 5.3) confirms that the tyrosine-phosphorylated 

band is DYN and that DYN is immunoprecipitated under all conditions tested. 

5.3.4 ERK-1/2 are activated upon stimulation of FP receptor isoforms with PGFaa 

Most GPCRs activate ERK signaling cascades when stimulated by their agonist 

(Gutkind, 2000; Chiariello and Gutkind, 2002). We wanted to test whether both isoforms 
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of the FP receptor stimulate activation of the ERK signaling pathway. Dual 

phosphorylation of ERK-1/2 is required for their activation. We therefore, used the 

Western blotting techniques and assayed for ERK activation using the phospho-specific 

ERK-1/2 antibody (Cell Signaling) as described in experimental procedures. Figure 5.4 

shows the results, the top panel shows the immunoreactive bands obtained by probing 

membrane on which 20 |ig lysates per lane were separated; with the phosphospecific 

antibody. Phopho-ERK-1 and ERK-2 immunoreactive bands are observed only when the 

FP receptor isoform expressing cells have been treated with PGFia- Thus both the FP^ 

and FPQ receptors activate ERK signaling in a PGFia-dependent manner. The bottom 

panel shows the immunoreactive bands observed in the same membrane after it was 

stripped and reprobed with antibodies that recognize ERK-1 and ERK-2. Similar levels of 

ERK-1 and ERK-2 are detected in the lysates in the HEK-293 cell lines stably expressing 

either the FP^ receptor isoform or the FP^ receptor isoform. Arrows indicate position of 

the ERK-1 (p44) and ERK-2 (p42). 

5.3.5 Activation of ERK-1/2 by botli FP isoforms is dependent on activation of PKC 

Activation of ERKs by G^ coupled GPCRs is known to be completely dependent 

on PKC (Gutkind, 2000). To test whether PKC is involved in the activation of ERKs by 

the FP receptor isoforms, we determined the phosphorylation status of ERKs with and 

without inhibiting PKC. To block the action of PKC we used BIM. PMA an activator of 

PKC was used as a positive control. The results are shown in figure 5.5, wherein panel A 

shows the contribution of PKC in the activation of ERKs by the FP, expressing cells. 

Panel B shows the contribution of PKC in the activation of ERKs by the FP,, expressing 

cells. The top part of each panel shows the immunoreactive bands from a membrane that 
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has been probed with the phospho-specific ERK antibody, whereas the bottom part of 

each panel shows the immunoreactive bands observed in the same membrane when 

stripped and reprobed for total ERKs. In both panel A and panel B the agonist-dependent 

activation of ERKs is observed, further PMA stimulates the activation of ERKs in both 

FP isoform expressing cells. BIM by itself has no effect on the activation of ERKs. 

Pretreatment of cells expressing either FP receptor isoform with BIM resulted in a 

complete block of ERK activation. The effect of PMA on ERK activation was also 

completely blocked when cells were pretreated with BIM. Thus activation of ERK by 

either FP receptor isoform is dependent on activation of PKC. The bottom part of panels 

A and B show that similar amounts of ERKs are present in all the conditions tested. 

5.3.6 Activation of ERK-1/2 by both FP isoforms is dependent on activation of a 
tyrosine kinase of the src family non-receptor tyrosine kinase 

The non-receptor tyrosine kinase src is involved in the activation of ERK 

signaling in many GPCRs (Martin, 2001). To test whether src is involved in the 

activation of ERKs by the FP receptor isoforms, we evaluated the phosphorylation status 

of ERKs with and without inhibiting src. To block the action of src family kinases PP2, a 

specific inhibitor of src family kinases, was used. PP3, a specific inhibitor of the 

epidermal growth factor receptor-kinase, was also used. The results are shown in figure 

5.6, wherein panel A shows the contribution of src family kinases and EGFR-kinase on 

the activation of ERKs by the FP^ expressing cells. Panel B shows the contribution of src 

family kinases and EGFR-kinase in the activation of ERKs by the FP^ expressing cells. 

The top part of each panel shows the immunoreactive bands observed in a membrane that 

has been probed with the phospho-specific ERK antibody, whereas the bottom part of 
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each panel shows the immunoreactive bands on the same membrane after it was stripped 

and reprobed for total ERKs. In both panel A and panel B, the agonist-dependent 

activation of ERKs is observed. PP2 or PP3 by themselves have no effect on the 

activation of ERKs. Pretreatment of either stable cell line with PP2 resulted in a 

attenuation of ERK activation. Pretreatment with PP3 on the other hand, did not affect the 

phosphorylation of ERK activation in either FP isoform expressing cells. Thus activation 

of ERK by either FP receptor isoform is dependent on activation of src. but not on the 

EGFR-kinase. The bottom part of panels A and B show that similar amounts of ERKs are 

present in all the conditions tested. 

5.3.7 Activation of ERK-1/2 by the FPg cells but not the FP^ ceils is dependent on 
activation of PI3-K 

There is considerable evidence in the literature that PI3-K can be activated 

directly by the Gpy subunits, leading to an activation of ERKs independent of activation 

of Ga subunit mediated second messengers (Gutkind, 2000). We sought to determine if 

PI3-K plays a role in ERK activation by the FP receptor isoforms. Towards testing a role 

for PI3-K, we used wortmannin. Cells expressing the FP receptor isoforms were first 

pretreated with either wortmannin or DMSO, followed by incubation with PGF^a and 

processed to assess ERK activation as described in experimental procedures. Figure 5.7 

shows the immunoreactive bands obtained. The top panel represents the membrane that 

was probed with the phospho-specific ERK antibody, while the bottom panel represents 

the same membrane after it was stripped and reprobed for total ERKs. From the first four 

lanes of the top panel, we can see that ERK activation by the FP,^ receptor isoform is not 

affected by pretreatment with wortmannin. The second four lanes however, show that 
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pretreatment of the FP^ receptor isoform with wortmannin attenuates the activation of 

ERKs. Thus, the FP^ but not the FP^ receptor stimulation mediated activation of ERKs is 

dependent on PI3-kinase activity. The bottom panel represents the immunoreactive bands 

that show that total ERKs are present in similar levels in all the conditions tested. 

5.3.8 Activation of ERK-1/2 by the FP^ receptor isoform may not be dependent on 
internalization 

Internalization of GPCRs such as the ^-adrenergic receptors, is known to be 

necessary for activation of ERK signaling (Pouyssegur, 2000; Miller and Lefkowitz, 

2001). To test whether internalization of the FP^ receptor isoform is required for ERK 

activation we made use of sucrose, an inhibitor of clathrin dependent internalization. 

Filipin, an inhibitor of caveolae dependent internalization, was also used. In figure 5.8, 

panel A represents the immunoreactive bands obtained with the FP^ expressing cells, and 

panel B serves a similar purpose with regards the FP^ expressing cells. The top parts of 

each panel represent membranes that have been probed with phospho-ERK antibodies, 

while the bottom part shows immunoreactive bands for the membranes that were stripped 

and reprobed for total ERKs. We observed that both sucrose and filipin do not attenuate 

the activation ERKs. In fact, sucrose increased the activation of ERKs in the FP^ more 

than in the FPo cells. Sucrose may even have a slight effect on the basal activation of 

ERKs by the FP^ cells. Filipin increases the basal activation of ERKs in both FP,^ and FPj, 

cells, with a more pronounced effect in the FP^ cells. Filipin also increases the PGFia-

mediated increase in phosphorylation of ERKs. Similar amounts of total ERKs are 

present under conditions tested, in both FP^ and the FP„ cells. 
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Figure 5.1 Immunoprecipitation of CHC, followed by immunoblotting (IB) with 
PY20 antibodies (upper panel) and with CHC and DYN antibodies (lower panel) 
following treatment of FLAG-FP^ or FLAG-FP^ expressing cells with 1 PGFaa 
for 10 min 

Arrows indicate 100 kDa tyrosine phosphorylated protein (plOO), CHC, and DYN. The 

data shown are representative of three independent experiments. 
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Figure 5.2 Immunoprecipitation of DYN, followed by immunoblotting (IB) with 
PY20 antibodies (upper panel) and with DYN antibodies (lower panel) following 
treatment of FLAG-FP^ or FLAG-FP^ expressing cells with 1 |iM PGFaa for 10 min 

Arrows indicate 100 kOa tyrosine phosphorylated protein (pl(X)), and DYN. The data 

shown are representative of three independent experiments. 
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Figure 5.3 Immunoprecipitation or DYN, followed by immunoblotting (IB) with 
PY20 antibodies (upper panel) and with DYN antibodies (lower panel) following 
treatment of FLAG-FP^ or FLAG-FP^ expressing cells with 1 pM PGF2a for 10 min 

Arrows indicate 100 kDa tyrosine phosphorylated protein (plOO) and DYN. The cells 

were pretreated with DMSO (N/P) or 100 nM wortmannin for 15 min (WNAVP). The 

data shown are representative of three independent experiments. (N= treatment with 

vehicle while P= treatement with PGFia) 
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Figure 5.4 Immunoblotting (IB) or cell lysates with anti-phospho ERK 1/2 (phospho 
p42/44) antibodies (upper panel) and with ERK 1/2 (ERK 1/ERK 2) antibodies 
(lower panel) following treatment of FLAG-FP^ or FLAG-FPg expressing cells with 
1 PGFaa for 10 min 

Arrows indicate tyrosine/threonine phosphorylated proteins (p42/p44) and ERK I, and 

ERK 2. Molecular weight markers are also indicated. Data shown are representative of 

three independent experiments. 
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Figure 5.5 Immunoblotting (IB) or cell lysates with anti-phospho ERK 1/2 (phospho 
p42/44) antibodies (upper panel) and with ERK 1/2 (ERK 1/ERK 2) antibodies 
(lower panel) following treatment of FLAG-FP^ (A) or FLAG-FPg (B) expressing 
cells with 1 nM PGF20 or 1 |jJVI PMA for 10 min 

Cells were first pretreated with either DMSO or 10 |iM BIM for 10 min. Arrows indicate 

tyrosine/threonine phosphoryiated proteins (p42/p44), ERK 1 and ERK 2. Molecular 

weight markers are also indicated. Data shown are representative of three independent 

experiments. 
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Figure 5.6 Immunoblotting (IB) of cell lysates with anti-phospho ERK 1/2 (phospho 
p42/44) antibodies (upper panel) and with ERK 1/2 (ERK 1/ERK 2) antibodies 
(lower panel) following treatment of FLAG-FP^ (A) or FLAG-FPg (B) expressing 
cells with 1 PGFaa for 10 min 

Cells were first pretreated with either DMSO. 10 |iM PP2, or 10 |J.M PP3 for 10 min. 

Arrows indicate tyrosine/threonine phosphorylated proteins (p42/p44), ERK 1 and ERK 

2. Molecular weight markers are also indicated. Data shown are representative of three 

independent experiments. 
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Figure 5.7 Immunoblotting (IB) or cell lysates with anti-phospho ERK 1/2 (phospho 
p42/44) antibodies (upper panel) and with ERK 1/2 (ERK 1/ERK 2) antibodies 
(lower panel) following treatment of FLAG-FP^ or FLAG-FP^ expressing cells with 
1 PGF2a for 10 "nin 

Cells were first pretreated with either DMSO (N/ P) or 100 nM Wortmannin (WN / WP). 

Arrows indicate tyrosine/threonine phosphorylated proteins (p42/p44), ERK 1 and ERK 

2. Molecular weight markers are also indicated. Data shown are representative of three 

independent experiments. (N= treatment with vehicle while P= treatement with PGFza) 



145 

-w« ~ ^ '®' Phospho 
J"-4 •" • ^ p42/44 

49S 
i-A 

• 
«. * * • ¥  M M  
w  4  2 S ^ - —  2 It. u w A. e.it. 
f  O  3 3 9  s s O  
> a. 

B *9S 
1-.4 — 

• 
e Z 4 O o /i £ £ 4 •z u. 2: tl lA- pL u. 

X O 3 3 9  H S O  >  €L W « > L l t . i h i L  

IB: p42/44 

IB; Phospho 
p42/44 

IB;p42;44 
i'A — 

Figure 5.8 Immunoblotting (IB) or cell lysates with anti-phospho ERK 1/2 (phospho 
p42/44) antibodies (upper panel) and with ERK 1/2 (ERK 1/ERK 2) antibodies 
(lower panel) following treatment of FLAG-FP^ (A) or FLAG-FP^ (B) expressing 
cells with 1 jilVI PGF2a for 10 min 

Cells were first pretreated with either DMSO, 0.4 M sucrose, or 5 |ig/ml filipin for 15 

min. Arrows indicate tyrosine/threonine phosphorylated proteins (p42/p44), ERK 1 and 

ERK 2. Molecular weight markers are also indicated. Data shown are representative of 

three independent experiments. 
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5.4 Discussion 

Wilde et al. (1999) had shown that the internalization of the epidermal growth 

factor receptor requires the tyrosine phosphorylation of CHC. We had observed that upon 

stimulation with agonist PGFia, a protein of -200 kDa is tyrosine phosphorylated in the 

FP^ expressing-cells but not in the FPp-expressing cells. We had also shown that CHC, a 

180 kDa protein involved in the internalization of many GPCRs (Brodsky et al., 2001), 

ran at exactly the same size as the -200 kDa tyrosine phosphorylated band. We therefore 

proposed that the tyrosine-phosphorylated band was CHC. To test our proposal that CHC 

is tyrosine phosphorylated in a PGF2a-dependent manner in the FP^ but not in the FP„-

expressing cells, we immunoprecipitated CHC and blotted for tyrosine phosphorylation 

with the PY20 antibody. We concluded that CHC, although immunoprecipitated. is not 

tyrosine phosphorylated in either the FP^ or the FP^ expressing cells, with or without 

treatment with PGFia (Figure 5.1). During our efforts to determine tyrosine 

phosphorylation of CHC, a band of about 1(X) kDa that was tyrosine phosphorylated in an 

agonist-dependent manner in the FP^-expressing cells was observed. Furthermore, this 

band seemed to be tyrosine phosphorylated in an agonist-independent manner In the FPa 

cells and the basal tyrosine phosphorylation of this band seemed to decrease after 

treatment with PGF2a- DYN is a small GTPase of 100 kDa that provides the necessary 

energy for fission of vesicles from the cell surface into the cytoplasm (Thompson and 

McNiven, 2001). When we probed the membrane with CHC and DYN antibodies, we 

found that, CHC was immunoprecipitated and DYN co-precipitates with CHC. The size 

at which the tyrosine-phosphorylated band ran was also similar to that of DYN. We 

therefore decided to immunoprecipitate DYN and probe for tyrosine-phosphorylated 

proteins. DYN was determined to be tyrosine phosphorylated in a PGFia-dependent 

manner in the FP,^ cells (Figure 5.2). DYN was also found to be tyrosine phosphorylated 
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in a PGFia-independent manner in the FP(, isoform. Our findings demonstrate a role for 

tyrosine phosphorylation of DYN in the PGF2a-induced internalization of the FP,^ 

receptors. Furthermore, the basal tyrosine phosphorylation of DYN in the FP„-expressing 

ceils suggests that the constitutive internalization of the FP„ receptor isoform occurs in a 

DYN- dependent manner. We had previously shown using sucrose, an inhibitor of 

clathrin dependent internalization, that the internalization of the FP,^, but not the FP[,, 

receptor isoforms occurs in a clathrin dependent manner. Taken together, our findings 

imply that both the FP^ and FPg receptors undergo their PGF2a or constitutive 

internalization in a DYN-dependent manner. Furthermore, the internalization of the FP^ 

isoform is clathrin-dependent while that of the FP^ is independent of clathrin. With 

regards to internalization, the internalization of the FP^ may follow the classical route of 

GPCR internalization, with a putative role for receptor phosphorylation by GPCR-

kinases, (3-arrestin, clathrin and dynamin. The involvement of P-arrestin and GRKs 

remains lo be tested. The constitutive internalization of the FP,, isoform, on the other 

hand, is probably mediated through formation of caveolae and fission of vesicles by 

DYN. 

During the time of these experiments, work was being performed in our 

laboratory investigating the activity of the lipid kinase, PI3-K (Corvera, 2001). Drs 

Fujino and Anthony had shown that PI3-K is constitutively active the FP^-expressing 

cells but not in the FP^-expressing cells. The pattern of PI3-K activity observed was 

similar to that of the phosphorylation status of DYN. The ser/thr kinase PI3-K has been 

identified as one of the main mediators of growth-factor-regulated cell proliferation and 

cell survival (Brown and Shepherd, 2001). Growth factor signaling, for one, involves 

association of PI3-K with tyrosine-phosphorylated proteins. It has also been shown in the 

P-adrenergic receptor system that tyrosine phosphorylation of DYN by the non-receptor 
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tyrosine idnase src is essential for the internalization of the receptor (Ahn et al.. 1999; 

Ahn et aJ., 2002). We therefore tested the hypothesis that the tyrosine phosphorylation of 

DYN occurs through a tyrosine kinase whose activity is regulated by PI3-K. To test our 

hypothesis, we investigated the phosphorylation status of immunoprecipitated DYN with 

or without pretreatment of the FP isoform expressing cells with wortmannin (Figure 5.3). 

We found that wortmannin does not have an effect on the phosphorylation status of DYN 

in the FP ̂ -expressing cells. However, wortmannin pretreatment blocks the tyrosine 

phosphorylation of DYN in the FP„-expressing cells. This implies a role for a PI3-K 

activated tyrosine kinase in the constitutive internalization of the FP^ receptor isoform. 

With regards to receptor internalization, PI3-K is known to participate in the post-

endocytic sorting of the platelet-derived growth factor receptor (Joly et al., 1995). We 

therefore may have an involvement of PI3-K in the internalization of a GPCR. the FP„. 

Further work needs to be performed to characterize this pathway and determine the 

identity of the tyrosine kinase/s involved in the phosphorylation of DYN. 

The activation of ERKs in response to agonists acting on GPCRs is well 

documented (Gutkind, 2000). These agonists include a diverse array of GPCR ligands. 

PGFia is also known to act on the FP receptors and precipitate activation of ERK 

cascades (Tai et al., 2001). Physiologically, the activation of FP by PGF2a mediates a 

variety of responses including constriction of iris sphincter (Ansari et al.. 2001). We 

wanted to determine if both FP receptor isoforms stimulate activation of ERKs (p42/p44, 

MAPKs) in a PGF2a-dependent manner. We found that both FP receptor isoforms 

activate ERKs (Figure 5.4). We then set out to determine if the pathways of activation of 

ERKs by both receptor isoform's is the same. The FP receptors are coupled to G^. G^-

coupled receptors can activate MAPK by a PKC-dependent, PKC-independent, or 

partially PKC dependent mechanisms (Gutkind, 2000). To test the involvement of PKC 
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in the activation of ERKs by the FP receptor isoforms, we made use of BIM. The 

activation of ERKs by both the and the FP^ receptor isoforms was completely 

blocked by BIM (Figure 5.5). Therefore, ERK activation by both FP receptor isoforms is 

dependent on the activation of PKC. We then set out to determine if either src family 

tyrosine kinases or EGFR-kinase are involved in the activation of ERKs by FP receptor 

isoforms. Towards that end, we pretreated the cells with either PP2 or with PP3 (Figure 

5.5). Pretreatment of both FP receptor isoforms with PP2 significantly attenuated the 

activation of ERKs. PP3 on the other hand did not affect activation of ERKs by either FP 

isoform. We concluded that, in both the FP^ and FPj, receptor expressing cell lines, the 

activation of ERKs is dependent on activation of src-family tyrosine kinases. We also 

speculated that the activation of ERKs may not occur through transactivation of the EGF 

receptor (EGFR). This is an important finding, as in the case of some GPCRs, signaling 

to the ERK pathway involves the transactivation of receptor tyrosine kinases such as 

EGFR (Carpenter, 2(XX); Pierce et al.. 2001). However, studies need to be performed 

using tyrphostin AG 1478, a specific inhibitor of the EGFR. to rule out a role for 

transactivation of EGFR, in ERK activation through FP receptors. 

Our experiments with wortmannin an inhibitor of the lipid kinase PI3-K provided 

us with the first significant difference in the signaling cascades involving activation of 

ERKs by the FP receptor isoforms. Wortmannin attenuated the activation of ERKs by the 

FPg, but not the receptor isoform. Given that in both FP^ and FP„-expressing cells, 

ERK activation is completely dependent on activation of PKC and to a large extent 

dependent on activation of src family tyrosine kinases, it is intriguing that PI3-kinase, 

which is involved in the internalization of the FP^ but not the FP,^ receptor isoform and is 

constitutively active in the FP^ expressing cells contributes to the activation of ERKs in 

the FPQ but not in the FP^-expressing cells. The schematic shown in figure 5.9 outlines 
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the similarities, differences and the proposed models of ERK activation by the FP 

receptor isoforms. To demonstrate whether the PI3-K is upstream or downstream of PKC. 

in the FT|, dependent activation of ERK. we would need to determine whether PI3-K is 

involved in the translocation of PKC isoforms. Graness et al. (1998) have shown a novel 

mitogenic signaling pathway of bradykinin in the human colon carcinoma cell line SW-

480. This activation involved a sequential activation of a Gy,,. PI3-K and protein kinase 

C epsilon. If such a pathway is stimulated by the FP^ receptors it would be exciting, as 

prostanoid receptors are implicated in regulating colon cancer (Watanabe et al.. 2000; 

Mutoh et al., 2002). A recent publication by Fujino & Regan (2001), has shown that the 

FPg but not the FP^ receptor when stimulated by PGF^a activates the wnt signaling 

pathway. The wnt signaling pathway itself is known to play a major role in various 

cancers (Taipale and Beachy, 2(K)1) The PI3-K dependent activation of ERKs may also 

also contribute to the progression of colon carcinogenesis. Furthermore, the ability of 

wortmannin to differentiate between ERK activation by the FP receptor isoforms could 

be exploited as a biological marker for identifying presence of the FP^ receptor. 

Studies on the P-adrenergic receptor system, have provided a critical role for 

internalization of GPCRs in the activation of ERK signaling (Maudsley et al., 2000; 

Pierce et al., 2000). It has been shown that P-arrestin, which is involved in the process of 

internalization, recruits src-like tyrosine kinases that transactivate the EGFR resulting in 

activation of ERK signaling cascades. Thus, P-arrestin serves as a scaffold for signaling 

molecules. This effect is independent of G-proteins and elegantly proves that GPCRs can 

also mediate intracellular signaling independent of G-proteins. Due to the G-protein 

independent signaling, it is now fashionable to refer to GPCRs as heptahelical receptors. 

We were eager to evaluate a role for internalization in the activation of ERKs by 

the FP receptor isoforms. We hypothesized that the agonist-dependent internalization of 
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the FP^ receptor isoform is required for the activation of ERKs but not for the 

constitutively internalizing receptor isoform. We tested our hypothesis using sucrose 

and filipin, in order to block clathrin-dependent internalization and caveolin-dependent 

internalization respectively. It was found that neither sucrose nor filipin attenuated the FP 

mediated activation of ERK. In fact, pretreatment with sucrose both the basal and the 

PGF,a-dependent activation of ERKs increased in the receptor isoform. In the FP^ 

cells, sucrose pretreatment did not increase the basal activation of ERKs and sucrose did 

not have any effect on the PGF2a-dependent activation of ERKs. With respect to 

pretreatment with filipin. in the FP,^ cells filipin pretreatment did cause an increase in 

both basal and PGF.a-dependent activation of ERKs. With regards to the effect of filipin 

on the FP„ cells, inhibition of caveolin dependent internalization increases the basal as 

well as the PGF:a-dependent activation of ERKs. A general inhibitory role for caveolin 

has been supported by its specific ability to bind inactive forms of signaling molecules 

(Peiro et al., 2000). The increased activation of ERKs by sucrose in the FP^ cells and 

filipin in the FP,, cells suggest a role for internalization of the FP receptor isoforms. 

Contrary to being necessary for activation of ERKs, internalization may play an 

inhibitory role. Thus, internalization would attenuate rampant signaling through ERK 

activation in both the FP^ and the FP„ isoforms. This is especially important in the FP,, 

receptor isoform. as preventing constitutive internalization through caveolae may 

increase constitutive activation of ERKs. Thus, the constitutive internalization of the FP,, 

may play a protective role. Furthermore, impaired constitutive internalization of the FP^ 

receptor isoform would result in pathophysiological conditions associated with 

dysregulated ERK signaling. Whether the increased basal activation of ERKs upon 

pretreatment of the FP isoform expressing cells with filipin can be rescued by addition of 

cholesterol needs to be established. 
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It has recently come to light that the TP receptor isoforms, a and (3. regulate ERK 

activation differentially where BIM completely blocked the ERK activation by the TPa 

isoform, but only partially blocked the ERK activation by the TPp isoform (Miggin and 

Kinsella, 2002). PI3-K inhibited ERK activation by both TP isoforms. With respect to the 

FP receptor isoforms, activation of ERKs is PKC dependent. In contrast the PI3-K 

inhibitor wortmannin inhibited ERK activation by the FP^ but not the FP^ receptor 

isoform. In the case of the TP and the FP receptor isoforms, the constitutively 

internalizing isoforms (TPp and FP^) are differentially regulated by either PKC or PI3-K 

respectively. The intracellular cytoplasmic tail can thus be predicted to contribute to the 

control of signaling pathways to ERK cascades. Thus, the differential activation of ERKs 

by alternative splice variants of the prostanoid receptors could provide for another layer 

of complexity in intracellular signaling. The physiological consequences of the 

differences in signaling pathways involved in the activation of the ERK cascades by the 

alternative TP and FP receptor isoforms needs to be determined. 
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Figure 5.9 Schematic of pathways, by which ERKs are activated by the FP receptor 
isoforms when stimulated by 1 |jM PGF2a for 10 min 

The activation of ERKs by the FP^ receptor isoform is completely dependent on the 

activation of PKC, and src. The activation of ERKs by the FP^ receptor isoform however, 

is dependent on the activation of PKC, src, as well as PI3-K. Arrows indicate proteins 

that are activated, while block arrows indicate inhibitors used to implicate the proteins in 

the activation of ERKs. 



CHAPTER SIX 

SUMMARY, CONCLUSIONS AND FUTURE STUDIES 
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6.1 Summary and Conclusions 

In this dissertation, I have reported differences between the ovine FP receptor 

isoforms with regards to phosphorylation, internalization and pathways of activation of 

ERK signaling. Two ovine FP prostanoid receptors that differ in the length within their 

intracellular carboxy-terminal tail were isolated and cloned by Pierce et al. (1997) in our 

laboratory. The FP^ has 46 amino acids more than the FP^ isoform. Thus, the FP^ 

essentially represents a truncation mutant of the FP^ receptor isoform. Both FP receptor 

isoforms were shown to activate hydrolysis of PI as well as activate signaling through the 

small G-protein rho (Pierce et al., 1999). Work with other prostanoid receptor splice 

variants (particularly the EP3) had shown differences in the areas of receptor 

phosphorylation and desensitization, subcellular distribution and coupling to other 

intracellular signaling cascades (Breyer et al., 2001) and these specific areas were 

investigated for differences in the FP receptor isoforms. We therefore tested the 

hypothesis that functional differences exist between the FP receptor isoforms. 

We first generated HEK-293, EBNA cell lines that stably express FLAG-epitope 

tagged FP receptor isoforms. We chose to FLAG-tag our receptors for two reasons, the 

first being specific antibodies that could detect the FP receptor isoforms were not 

available. This stemmed from the failure of antibodies we generated against a common 

region of both FP isoforms to display specificity. The second reason we chose the FLAG-

epitope was that it has commercially available monoclonal antibodies against it and 

various groups had successfully used it to study GPCR regulation. PGR cloning 

techniques were used to generate expression vectors encoding the FLAG-epitope tagged 

FP^ or FPQ receptor isoforms. The vectors were transfected into HEK-293 cells and 

receptor expression and function was assayed using radioligand binding, and total inositol 
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phosphate accumulation assays. Immunohistochemical techniques were used to 

determine expression of the FLAG-tag. The expression vectors were then transfected into 

HEK-293 cells and stable cell lines were generated by method of limiting dilution. The 

HEK-293, EBNA cells were used as the expression vectors would be episomal and 

constitutively overexpress the receptor isoforms irrespective of regulation by the host cell 

genome. Clones chosen for all the experiments expressed similar levels of receptor and 

stimulated inositol phosphate accumulation to a similar degree as that in the recombinant 

non-FLAG tagged FP receptor isoforms. 

The carboxy terminal amino acid sequence that is unique to the FP^ receptor 

isoform has 4 putative PKC consensus phosphorylation sites. We therefore evaluated 

receptor phosphorylation using in vivo phosphorylation assays. Our results showed that 

the FP,^, but not the FP^, is phosphorylated by addition of PGF^a. Phosphorylation of the 

FP,^ receptor isoform was predominantly mediated by protein kinase C. Furthermore, the 

FP,^ isoform but not the FP^ is a likely candidate for heterologous regulation by activation 

of PKC by other systems. Finally, the FP^ receptor isoform is also phosphorylated by 

another kinase, possibly a GRK, which cannot be inhibited by BIM. During the course of 

assaying receptor phosphorylation. Western blotting studies were also performed, which 

confirmed the expression and glycosylation of both the FP^ and the FP^ receptor 

isoforms. 

While evaluating the cellular distribution of the FP receptors, in the presence or 

absence of PGFia, interesting differences between the receptor isoforms were found. A 

novel whole cell labeling method was used for our analysis, as both the FP^ and FP3 

receptor isoforms displayed an intracellular pool using traditional immunohistochemical 

techniques. The presence of the intracellular pool of receptors when expressed in HEK-

293 cells has been reported previously (Yu and Hinkle, 1997). The presence of the 
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intracellular pool of receptors prevented us from assaying for agonist-mediated receptor 

internalization. Using the whole cell labeling technique we found that the FP^ undergoes 

internalization that is dependent on PGFia and PKC. The FP^ internalizes constitutively 

independent of treatment with PGFia- The contribution of PGFza or PKC to the 

internalization of the FP^ could not be ascertained due to the intracellular pool of 

constitutively internalizing receptors. Sucrose is an inhibitor of clathrin-dependent 

internalization. When pretreated with sucrose, it was found that the drug-dependent 

internalization of the FP^ receptor isoforms is dependent on clathrin. The internalization 

of the FPQ receptors, however, occurs in a clathrin-independent manner. The FP^ may 

internalize through formation of caveolae, and the internalization or some postendocytic 

sorting may be attenuated by wortmannin. As concerns internalization, using Western 

blotting techniques, novel insight was obtained with regards to the GTPase dynamin 

(Thompson and McNiven, 2001). Dynamin was found to be tyrosine-phosphorylated (a 

step considered necessary for internalization of some GPCR containing membrane 

vesicles) in an agonist-dependent manner in the FP,^ cells. This is consistent with the 

traditional, dynamin- and clathrin-dependent internalization pathway of many GPCRs. 

However, in the FP^ cells, dynamin was found to be tyrosine phosphorylated in an 

agonist-independent manner. This finding, in conjunction with the fact that sucrose did 

not inhibit the internalization of the FP^ receptors, suggests that the FP^ receptors 

internalize in clathrin-independent. dynamin-dependent manner. Furthermore, the agonist 

independent internalization of the FP^ receptor isoform is dependent on PI3-K as the 

tyrosine phosphorylation of dynamin was blocked by wortmannin. 

With respect to the activation per se of ERKs, no differences were found between 

the FP receptor isoforms when stimulated with PGFia- Thus, a 10 min treatment of either 

FP receptor isoform expressing cells resulted in an activation of ERKs. Upon 
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investigating the pathway of ERK activation, it was found that ERK activation by both 

receptor isoforms is dependent on activation of PKC and also on the src family tyrosine 

kinases. Receptor-mediated transactivation of the EGF receptor tyrosine kinase may not 

be required for the activation of ERKs by either FP receptor isoforms. The mechanism 

that distinguishes ERK activation by the FP receptors is dependent on PI3-K. 

Wortmannin. which inhibits PI3-K, attenuated the PGF,a-induced ERK activation by the 

FP[, receptor isoform but had no effect on ERK activation by the FP^ receptor isoform. 

Finally, the role of internalization on the activation of ERKs by the FP receptor isoforms 

was evaluated. Our results suggest that inhibition of internalization of the FP^ receptor 

isoforms by sucrose, or the FP^ receptor isoforms by filipin, did not inhibit activation of 

ERKs. In fact, the inhibition of receptor internalization seemed to increase the basal as 

well as PGF2a-induced activation of ERKs by either receptor isoform. We therefore 

speculate that internalization of the FP receptor isoforms especially the constitutive 

internalization of the FP;, plays a protective role by inhibiting aberrant intracellular 

signaling. 

In conclusion, 1 have shown that differences exist between the FP receptor 

isoforms, with regards to their phosphorylation, internalization and pathways of 

activating ERK signaling. 

6.2 Future Studies 

An unknown ancient eastern philosopher has offered a view that investigations of 

the sciences are like looking at a tree with infinite branches and infinite leaves. Holding 

that thought, it stands to reason that this dissertation has contributed to sprouting new 



159 

leaves in the branch of the FP prostanoid receptor isoforms that need to be explored. A 

few areas that, in my opinion, need to be studied in the future are discussed briefly. 

The phosphorylation of the receptor isoform that is not dependent on PKC 

may be mediated by GRKs, but the hypothesis needs to be confirmed. If GRKs are 

involved in phosphorylating the but not the PPQ receptor isoform, it would be 

interesting to determine if P-arrestin associates with the receptor and leads to 

internalization. The possibility exists that the internalization is clathrin and dynamin 

dependent but not dependent on P-arrestin associating with a GRK phosphorylated 

receptor and thus internalization of the FP^ receptor isoform may occur through novel 

interactions and pathways. 

The site/s that are phosphorylated by PKC need to be determined to evaluate how 

a mutant FP.^ that cannot be phosphorylated is regulated after stimulation by PGF^a with 

regards to desensitization and internalization. The possibility of heterologous 

phosphorylation of the FP^ receptor isoforms also needs to be investigated as it could 

have effects under physiological conditions similar to the cross talk between the 

prostacyclin and thromboxane A, receptors (IP. and TP respectively) that is speculated to 

play an important role in regulating cardiac homeostasis (Walsh et al., 2000). 

Considering that PGF2a is known to cause cardiac hypertrophy in cardiomyocytes 

(Adams et al., 1996) it might be an interesting angle to pursue. 

The constitutive internalization of the FP|, coupled to the fact that filipin 

pretreatment increases the constitutive and PGFia-dependent activation of ERKs gives 

rise to the possibility of internalization of the FP^ preventing aberrant signaling by the 

receptor. It would therefore be interesting to examine the localization of FP receptors in 

conditions of chronic inflammation, or some forms of cancer, where aberrant ERK 

signaling leading to gene transcription is known to occur. In such a situation, the ability 
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of the FP receptor to constitutively internalize may be blocked and hence aberrant 

signaling could be induced. The physiological consequences of the ERK activation, such 

as identification of genes that are activated or repressed, could offer targets for 

pharmaceutical intervention. I have shown that stimulation of either FP^ or FP,, receptor 

expressing cells by PGF2a leads to an induction of NFKB as well as NFAT transcription 

factors (Figure 6.1). Activation of either NFKB or NFAT affects critical cellular 

processes (Ghosh and Karin, 2002; Horsley and Pavlath, 2002). The upstream regulators 

and downstream physiological effects of NFkB and NFAT activation by PGFia remain to 

be determined. 

As concerns the internalization of FP isoforms there is a need to examine whether 

both receptors suffer the same fate, i.e. are the receptors recycled back to the cell surface 

or degraded. The recycling of the |i opioid GPCRs along with the amount of receptor 

expression have been shown to attenuate the phenomenon of desensitization (Law et al., 

2(XX)). Initial experiments evaluating the role of receptor recycling using the inhibitors 

brefeldin A (inhibits transport from golgi) and monensin (inhibitor of recycling) suggest 

that receptor recycling may significantly modulate PI hydrolysis (data not shown). The 

GFP-tagged and RFP-tagged FP^ and FP^ receptor constructs that I have prepared may 

also help us analyze how the co-expression of both FP receptor isoforms would modulate 

signaling and cellular distribution. 

The most interesting phenomenon, observed while routinely culturing cells stably 

expressing either FP receptor isoform was that the media becomes markedly more acidic 

(yellow) in the plates containing the FP^ cells when compared to the FP^ cells. It is 

known that the p,-adrenergic receptor associates with the Na-H-exchange channel 

regulatory factor (NHERF) through a PDZ domain in its cytoplasmic tail (Hall et al., 

1998). Determining if the NHERF associates with the FP^, but not the FP^, receptor 
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isoform in our system could offer further insight into the regulation of activity of NHE 

channels by GPCRs independent of G-protein coupling. The NHE has also shown to be 

activated downstream of activation of the small G-protein rho, and subsequent activation 

of rho-associated coiled coil-forming protein kinase (ROCK) (Denker et al., 2000; Sah et 

al.. 2000). The FP^ receptor does demonstrate a higher basal total IP accumulation than 

the FP^ receptor that suggests a constitutive activation of the G^ G-protein subunit. If 

there is a constitutive activation of the G,/,, G-protein subunits. one could assume an 

activation of rho, and resultant activation of the NHE channels. This would provide 

evidence that the FP„ receptors constitutively activate two distinct pathways. If the FP^ is 

demonstrated to constitutively activate G,yG,„ the expression of the FP^ isoform could be 

implicated in a variety of pathophysiological processes such as cancer, as activation of 

rho in cellular systems can lead to transformation (Jaffe and Hall, 2002). In 2001, 

Fukiage et al. have shown that ROCK is involved in trabecular meshwork and ciliary 

muscle contraction, while a ROCK inhibitor has been shown to increase uveoscleral 

outflow and offer a promising treatment for glaucoma therapy (Fukiage et al., 2001; 

Waki et al., 2001). The putative constitutive activation of the FP^ receptors could thus 

potentially contribute to development of glaucoma. The possible contribution of the FP^ 

towards development of glaucoma is debatable as latanoprost an analog of PGF2a is used 

in the treatment of glaucoma. However, this could easily be explained by tissue specific 

expression of the FP„ isoform such that the FP^ isoform is not expressed normally in the 

eye but in cases where the glaucoma is refractory to treatment with latanoprost, a role for 

the constitutively active FP,, could be foreseen. 

Splice variants for the FP receptor that are spliced at the 6'" TM have been 

reported in cows (Ishii and Sakamoto, 2001). Dr. George Vielhauer, has also shown the 

expression of a 6 TM splice variant of the FP receptor in humans (unpublished data. 
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personal communication). However, so far no carboxy terminal splice variant has been 

reported in humans, cows or any other species. The cloning of the human equivalent of 

the FPg splice variant would be of considerable interest and the work presented in this 

dissertation will facilitate a rapid characterization of such an isoform. 



163 

A) 

B) 

NF^-Luc Assay FLAG-A and 
FLAG-B Cells 

«215001 
c 
3 
O 

W10001 
0) 

E 
O 500 

£ 
3 

X 

c 
o 
O 

I-
I 

< 
+ 

1-
I 

< 

c 
0 
O 1 
GQ 

O 

+ 
I-
CQ 

CD 

NFAT-3-Luc Assay FLAG-A and 
FLAG-B Cells 

5iooo -
3 
O 
o 750 -
0) 
» 500 -
E o c 250 -
E 
3 

0 - HI 
c 
o 
O 

+ 
I-
< 

c 
o 
O t 
CO 

CO 
+ 

CO 

Figure 6.1 Stimulation of NFKB (panel A) and NFAT-3 (panel B)-luciferase reporter 

gene activity, 16 h after FLAG-A or FLAG-B expressing cells were treated with 

either vehicle (Con), 1 PGF2a for 1 h and washed extensively in drug-free media 

(T+ W/O), or in continuous presence of 1 PGF2a (T) 

FLAG-A and FLAG-B cells, were cultured in 6-well dishes, and transfected with 3 

fig/plate NFKB or NFAT-3 luciferase construct and cells were treated 2 days after 
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transfection. Lysates were collected as per manufacturers protocol (Promega, luciferase 

assay kit), and 0.1 |ig/sample was assayed for luciferase activity using a TD 40/40 

luminometer system. In both panels, the agonist dependent stimulation of luciferase assay 

is observed. The response to PGF2a as well as the basal luciferase activity is larger in the 

FLAG-B cells. The data shown are representative two individual experiments. The data 

are represented in arbitrary units of luminometer counts. 
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