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ABSTRACT 

Prostaglandin Fia (PGFia) is a locally acting hormone derived from arachidonic 

acid diat is involved in a diverse range of physiological functions including regulation of 

the corpus luteum and regulation of intraocular pressure. The goal of this research has 

been to characterize the signaling pathways activated by PGFia- A receptor for PGF2a, 

the FP receptor, had been cloned from a number of species. Based on the cloning of 

other prostanoid receptors, we hypothesized that isoforms, or alternative splice variants 

of the FP receptor that differed in their functional coupling might exist. Using a corpus 

luteum library, we cloned a novel, truncated form of the FP prostanoid receptor, known 

as the FPB receptor isofonn. To examine differences in signaling between the FP receptor 

isoforms, we have generated stable cell lines that express the original FP receptor, known 

as the FPA isoform and cells that express the FPB isoform. To date, no differences in the 

frmctional coupling between the receptor isoforms have been found. However, during the 

second messenger studies, we discovered that activation of either receptor isoform leads 

to changes in the cell morphology and in the cell cytoskeleton. Thus, treatment of the 

stable cell lines with PGFia leads to the retraction of cellular projections, and the 

boundaries between the cells appear less distinct. There is concomitant formation of 

actin stress fibers and increased tyrosine phosphorylation of pi 25 FAK. Understanding 

the molecular mechanisms underlying the PGF2a induced changes in the cell morphology 

and in the cell cytoskeleton may be relevant for developing better treatments for 

glaucoma and other diseases. 
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CHAPTER 1 

INTRODUCTION, HYPOTHESES AND AIMS 

Portions of this chapter previously appeared in Pierce, K..L, Gil, D.W., 

Woodward, D.F, and Regan, J.W. (1995) Cloning of Human Prostanoid 

Receptors. Trends Pharmacol. ScL 16:253-256 and in K.L. Pierce and J.W. 

Regan (1998) Prostanoid Receptor Heterogeneity Through Alternative mRNA 

Splicing. Life Sciences 62:1479-1483. 

1.1 INTRODUCTION 

Prostaglandins (PGs) and thromboxanes (TX) are locally acting hormones derived 

from arachidonic acid by the actions of cyclooxygenases, and are important in regulating 

diverse physiological functions including pain, inflammation, platelet aggregation and 

gastric acid secretion. There are five primary prostanoid metabolites, PGDj, PGEz, 

PGFia, PGI2 (prostacyclin), and thromboxane (TXA2). Pharmacologically, the 

prostanoid receptors have been categorized according to their endogenous ligands. DP 

receptors are activated by PGD2, EP receptors by PGE2, FP receptors by PGF2a, IP 

receptors by PGI2, and TP receptors by TXA2. The EP receptors have been further 

subdivided into four distinct subtypes, EPi, EP2, EP3 and EP4. In the last several years, 

cDNAs encoding each of these receptor subtypes have been cloned from a number of 

species (11, 50) (see table 1.1). The molecular cloning of the prostanoid receptors has led 
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to the unexpected discovery of isoforms of these receptors, which are generated by 

alternative mRNA splicing, and has raised many questions about the diversity, 

distribution of physiological roles of these receptors. 

1.1.1 Cloning of the Major Prostanoid Receptor Subtypes 

The purification of the thromboxane (TP) receptor from human platelets (63) and 

subsequent partial amino acid sequencing was a prelude to the cloning of its cDNA as 

well as the cDNAs of all the major receptor subtypes of prostanoid receptors. From the 

partial amino acid sequence, an oligonucleotide probe was designed and a cDNA 

encoding a full-length TP receptor was cloned from a human placenta library (23). The 

deduced amino acid sequence of this receptor consisted of 343 amino acids and, as 

expected, shared structural similarity with other previously cloned G-protein coupled 

receptors. Following the cloning of the TP receptor, homology based strategies rapidly 

led to the cloning of cDNAs encoding each of the other prostanoid receptor subtypes. 

Table 1.1 shows the name, endogenous ligand and second messenger coupling of each of 

the cloned prostanoid receptors. 

With respect to their predicted secondary structure, the cloned prostanoid 

receptors fit the general model for G-protein coupled receptors in which there are seven 

transmembrane domains with an extracellular amino terminus and an intracellular 

carboxyl terminus. Functional expression of the cloned receptors is also consistent with a 
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Receptor Subtype Endogenous Ligand Second Messenger 

DP PGD2 t cAMP formation 

FP PGF2a t PI Hydrolysis 

IP PGI2 t cAMP formation 

TP TXA2 t PI Hydrolysis 

EP, PGE2 t PI Hydrolysis 

EP, PGE2 t cAMP formation 

EP3 PGE2 i cAMP formation 

EP4 PGE2 t cAMP formation 

Table 1.1 Cloned Prostanoid Receptors. Table 1 shows the cloned prostanoid 

receptors along with their endogenous ligands and second messenger coupling. For 

PGD2, PGFaaj PGI2, and TXA2, only a single receptor subtype has been cloned for each 

prostanoid. However, four distinct receptor subtypes have been cloned that aU bind 

PGE2, but that are coupled to distinct second- messenger pathways. Abbreviation: PI = 

phosphatidylinositoL 
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single subunit structure, which contains both the ligand binding site and the determinants 

for second messenger coupling. Like the other subfamilies of the G-protein coupled 

receptors, such as adrenergic and serotonin receptors, the prostanoid receptors do not 

share extensive overall amino acid identity. However, there are two regions that are 

particularly well conserved in all the prostanoid receptors cloned to date. One of these is 

in the second extracellular loop connecting the foiulh transmembrane domain (TM4) and 

TM5 in which there are seven residues that are very highly conserved including the non-

variable tryptophan-cysteine-phenylalanine. The second region, in TM7, contains 

approximately 15 residues that are highly conserved, including the following non-

variable residues; an arginine followed seven residues later by an isoleucine and then an 

aspartic acid-proline-tryptophan triplet. 

The exact function of these conserved residues remains unknown, but they may 

help determine the ligand binding specificity, either through direct interactions with the 

ligand or through an indirect effect on the conformation of the receptor. The second 

extracellular loop appears to be crucial in this, where the seven residue motif is conserved 

among all the prostanoid receptors that bind PGEi- In the EP3 receptor, mutagenesis of 

the non-variable tryptophan to alanine led to an increase in afSnity for compounds with a 

methyl ester at carbon 1 (5). In TM7, the position of the non-variable arginine 

corresponds to the lysine in rhodopsin that forms a bond with retinal, suggesting the 

possibility that the arginine may provide a binding site for the a carboxyhc acid of the 

prostanoids. This has been suggested by mutagenesis studies in which mutations of the 

arginine abolished ligand binding (4). Taken together, these data suggest tiiat the 
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conserved regions in the second extracellular loop and in 7TM form part of the pocket for 

agonist binding. In addition to being important for agonist binding, TM7 may also be 

important for the interaction of antagom'sts with the receptor. Thus mutation of 

tryptophan-299 in the mouse TP receptor greatly reduced antagonist binding affinity but 

had little effect on agonist binding (14). This is similar to the results obtained with 

adrenergic receptors and serotonin receptors, in which TM7 has been implicated in the 

binding of antagonists. 

1.1.2 Two EPz Receptors 

For all of the major groups of cloned prostanoid receptors except the EP 

receptors, there has been a good correlation between the pharmacology of the 

heterologously expressed receptors and their pharmacology as defined in native tissues. 

In the case of the EP receptors, however, a mouse clone initially designated as an EPz 

receptor was found to be inactive with respect to the binding of butaprost, a previously 

characterized selective EPa receptor agonist (25). This unexpected finding was attributed 

to the possibility of a species difference or to the existence of additional EPj-like receptor 

subtypes. However, the recombinant human homologue, also originally designated as an 

EPi receptor, failed to bind butaprost (6, 2). The subsequent cloning of a fourth subtype 

of EP receptor, for which butaprost had affinity, suggested that it was the human EPt 

receptor, and that these previously cloned 'EPi' receptors represented a different subtype 
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(53). In fact, it has recently been reported that the previously cloned 'EP2' receptors are 

probably EP4 receptors (43). Like the EP2 receptors, the EP4 receptors mediate 

stimulation of cAMP formation, but differ in that they are not activated by butaprost but 

can be selectively antagonized by AH23848 (43). 

Comparing the primary sequences of the cloned EP2 and EP4 receptors shows that 

they only share approximately 40% amino acid identity in their TM domains and are 

likely to represent the products of separate genes. Interestingly, the cloned IP and DP 

receptors, which also stimulate cAMP formation, acmally have a higher degree 

(approximately 60%) of sequence similarity with the EPi receptor. This suggest that 

second messenger coupling has had greater influence than ligand binding specificity with 

respect to the overall primary sequence of these receptors. Phylogenetic analyses (see 

Figure l.l), in fact, show two major branches of the prostanoid receptors with one group 

(IP, DP, EPi, and EP4 receptors) activating adenylyl cyclase and the second group either 

stimulating phosphatidylinositol hydrolysis (TP, FP and EPi receptors) or inhibiting 

adenylyl cyclase (EP3 receptors). It is, however, surprising that the EP2 and EP4 receptors 

are not more closely related, since they share not only the same second messenger 

coupling but also the same endogenous ligand. Besides the division of the prostanoid 

receptors according to their second messenger coupling, these phylogenetic analyses also 

suggest that the ancestral prostanoid receptor may have been an EP receptor. This 

conclusion is made, in part because distinct EP receptor subtypes are found in both 

branches of the phylogenetic tree. 
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EP 
DP 
EP, 
EP4 

EPi 

FP 

TP 
EP3 

Figure 1.1 Phylogeny of the Cloned Prostanoid Receptors. This figure has 

been adapted from 53 and 61.This phylogenetic analysis shows the relationships 

among prostanoid receptors based on the similarity of their amino acid sequences. 

There are two major branches of prostanoid receptors, with the top branch 

containing the IP, DP, EPi and EP4 receptors and the bottom branch containing the 

EPi, FP, TP and EP3 receptors. 
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1.1.3 Prostanoid Receptor Alternative Splice Variants 

In addition to the heterogeneity that has arisen by the distinct genes that encode 

each prostanoid receptor subtype, additional prostanoid receptor heterogeneity has arisen 

through alternative mRNA splicing. To date, alternative rtiRNA splice variants or 

isoforms have been identified for the EPi, EP3, and TP receptors. It is interesting that, 

like the second messenger coupling, the existence of isoforms appears to be related to the 

phylogenetic relationships among the receptors. Thus, alternative splice variants have 

been identified only for receptors that segregate into the bottom branch of the 

phylogenetic tree (See figure 1.1) and have not been found for any of the receptors that 

lie in the top branch of the phylogenetic tree (the DP, EP2, EP4 and IP receptors). 

The rat EPi receptor isoforms are unique in that compared to the other prostanoid 

receptor isoforms which diverge in the cytoplasmic carboxyl termini, the EPi receptor 

isoforms diverge midway into the 6TM domain (46). The deduced amino acid sequence 

of the original EPi isoform (rEPi) extends for 88 amino acids beyond die putative splice 

site and includes TM6, TM7 and a carboxyl terminal consisting of 40 amino acids. The 

deduced amino acid sequence of the second EPi receptor isoform (rEPi-v), however, only 

continues for 49 amino acids beyond the splice site and completely lacks a cytoplasmic 

carboxyl terminus. In addition, it is interesting that amino acids that are highly conserved 

in the seventh transmembrane domain of the other prostanoid receptor subtypes and 

isoforms are not present in the rEPi-v. 
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One possible explanation for the truncated EPi receptor is that it represents a 

cloning artifact, since, in the nriouse at least, the coding region of the EPi receptor gene 

overlaps the coding sequence (on the opposite strand of DNA) for a protein kinase known 

as protein kinase N (PKN) (7). That is, the HP] gene and PKN protein gene sequences 

overlap on the same region of DNA but are antiparallel. Therefore, the reverse and 

complement of the EPi receptor gene forms part of the PKN sequence. By reverse 

transcription/ PGR using primers specific for the EPi receptor, the PKN cDNA is 

detected as a band that is larger than is predicted for the EPi receptor cDNA. Therefore, 

cloning strategies based on reverse transcription to cDNA (cDNA cloning or PGR) could 

identify both the EPi receptor and PKN cDNAs. However, since the protein sequences of 

the EPi receptor and PKN do not share any homology, to determine whether the rEPi-v is 

expressed in endogenous systems, strategies based on the protein sequence of the novel 

region of the rEPi-v, such as using antibodies, will need to be employed. 

Unlike the EPi receptor isoforms, the altemative splice variants of EP3 and TP 

receptor are identical throughout the seven transmembrane domains, but diverge 

approximately 9-12 amino acids into the cytoplasmic carboxyl termini. Thus far, eight 

isoforms of the human EP3 receptor have been identified (58,52,30), and two isoforms of 

the human TP receptor have been cloned (51). The deduced amino acid sequences of the 

divergent portions of the EP3 and TP receptor isoforms differ both in length and in 

content. This is illustrated Ln Figure 1.2 here the sequences of the eight human EP3 

receptor isoforms are shown, along with 
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EP3.1 - IRYHTNNYASSSTSLPCQCSSTLMWSDHLER* 

EPs-n ~ VANAVSSCSNDGQKGQPISLSNEnQTEA* 

EP3.111 ~ EEFWGN* 

1>U 

EPmv -tMRKRRLREQiEEFWGN* 

EP3-V -- MRKRRLREQ EMGPDGRCFCHA W 

RQ VPRTWCSSHDMPCSLVQl^ 

COOH EP3-V1 - EMGPDGRCFCHAWRQVPRT 

WCSSHDREPCSVOLSREPCSL 

EPje -MRKRRLREQlLICSLRTLRYRGQLfflVGKYKPIVC* 

EPJF - MRKRRLREQ ̂ PLLPTPTVIDPSRFCAQPFRWFLDLSFPAMSSSHPQL 
PTLASFKLLREPCSVOLS* 

Figure 1.2 Human EP3 Receptor Isoforms. A generalized model of the G-protein 

coupled receptor is shown. The arrow indicates where the isoforms diverge from one 

another. The amino acid sequence of the divergent regions of each of the human isoforms 

is indicated using the single letter amino acid code. The stretches of common sequence 

that are shown either bolded, italicized, underlined or boxed show exons that are utilized in 

more than one isoform. Sequences of the divergent regions come from references 52, 30, 

and 58. Nomenclature used is from reference 30. 
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a generalized model of a G-protein coupled receptor with the site where the isoforms 

diverge indicated by an arrow. Comparing the divergent portions EP3-1 and EP3.in 

receptor isoforms illustrates the differences in length and in amino acid content among 

the receptor isoforms. For instance, the EP3-1 iso form continues for 31 amino acids 

beyond the splice site while the EPj.ttt isoform continues for only five amino acids. The 

carboxyl tail of the human EP3.1 isoform contains ten sites that are potential serine/ 

threonine phosphorylation sites and two tyrosines that may be phosphorylated under 

certain conditions. On the other hand, the EP3.iti isoform does not contain any sites for 

either serine/ threonine or tyrosine phosphorylation. These differences suggest that one 

difference among the isoforms may be in the way that they are regulated by various 

cellular kinases. 

Following the initial cloning of the prostanoid receptor cDNAs, attention focused 

on the prostanoid receptor genes and the m^echanisms by which the prostanoid receptor 

isoforms arise. This has now been determined for all of the prostanoid receptor isoforms 

cloned to date (see figure 1.3). A common mechanism for the generation of the 

alternative splice variants is the failure to utilize a potential splice site. This mechanism 

was first determined for the TP receptor isoforms (51). In the TPp receptor isoform, a 

659 bp. intron is spliced from the TP receptor pre-mRNA at an intron-exon boundary at a 

region in the gene which corresponds to a position approximately nine amino acids into 

the carboxyl terminus. In the TPa isoform, that 659 bp. intron is not spUced out during 

the processing of the mRNA, so that the intron is retained and becomes 
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exon 
I# 

exon exon 
intron intron 

FaHuie to utilize a 
splice site gives rise 
to rEP,., isofbnn 

Failure to utilize a 
splice site gives rise 
to EP3.1J and TP<, 
isofonns 

Figure 1.3. General Model for tlie Structure of the Prostanoid Receptor Genes. The 

numbers in the shaded boxes correspond to the approximate position witiiin the genes of 

the 7TM domains. All of the prostanoid receptor genes contain an intron located midway 

through the sixth transmembrane domain. This is the point at which the sequences of the 

original rEPi and the rEPi-v diverge. The odier prostanoid receptor isofonns (EP3, TP) 

diverge 9-12 amino acids into the carboxyl termini. For the hmnan EP3 receptor, there 

are a total of 10 exons that are combined in various arrangements to form the eight 

carboxyl terminal isofonns (30). 
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an exon. Recently, the gene structure of the EP3 receptor isoforms has also been 

determined (30) and the same mechanism, failure to utilize a potential splice site is also 

used in the generation of the EP3.11 receptor isoform. The signals that control the 

circumstances under which the intron is retained and used as an exon or spliced out as an 

intron are not understood. For the other EP3 receptor alternative splice variants, introns of 

differing lengths are spliced out, and downstream exons are used. It is interesting that 

there are some exons that appear in many of the EP3 receptor isoforms, such as the 

MRKRRLREQ exon that is found at the beginning of the divergent regions in four of the 

isoforms, while there are some exons that only appear in only one isoform. Thus far, 

there are no understandings of the signals that regulate the differential processing of the 

prostanoid receptor mRNAs that leads to expression of prostanoid receptors with 

different carboxyl termini. 

1.1.4 Differences in Functionai Coupling Among Prostanoid Receptor Isoforms 

With the cloning of the first prostanoid receptor alternative mRNA splice variants, 

the EP3 receptor isoforms (38), it became apparent that the different carboxyl termini of 

the prostanoid receptor isoforms influences receptor G-protein coupling. Traditionally, 

the EP3 receptor has been thought to couple to Gj and to inhibit adenylyl cyclase activity. 

However, Namba et al (38) discovered that the receptor isoforms could couple to 

multiple G-proteins. Of the four bovine EP3 receptor isoforms they cloned, two isoforms 

coupled to inhibition of adenylyl cyclase activity and stimulation of phosphatidylinositol 
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hydrolysis, and two isoforms coupled to stimulation of adenylyl cyclase activity. 

Enterestingly, of the two isoforms coupled to inhibition of adenylyl cyclase activity and to 

stimulation of phosphatidylinositol hydroysis, it appeared that one of the receptors 

coupled primarily to a pertussis toxin sensitive G-protein (G/Go) while the other coupled 

to a pertussis toxin-insensitive G-protein Gq. The differences in the functional coupling 

have extended to other prostanoid receptor carboxyl terminal isoforms as well. Thus, 

both the TPa and TPp receptor isoforms couple to phosphatidylinositol hydrolysis, but 

while the TPa isoform also stimulates adenylyl cyclase, the TPp receptor isoform inhibits 

this enzyme (24). 

In the case of the EPi prostanoid receptor isoforms that diverge in TM6, the 

functional data suggest that the rEPi-v interferes with signaling mediated by other 

prostanoid receptor subtypes and. isoforms (46). hi CHO cells transfected with the rEPi, 

PGEi stimulation leads to an increase in intracellular calcium. When the r£Pi-v is co-

expressed with the rEPi, the dose response curve for PGEz is shifted to the right. One 

possible explanation for the shift in the dose response curve is that PGE2 might be 

binding to both receptors, but perhaps only the rEPi isoform couples to phospholipase C. 

Therefore rEPi.v might be acting like a sink which would, in effect, lower the effective 

concentration of PGE2- An additional suggestion is that the rEPi.v isoform suppresses 

signaling mediated by other EP prostanoid receptors. To support this hypothesis, an 

endogenous adenylyl cyclase stimulatory receptor is activated in CHO cells transfected 

with either the vector or with rEPl-v. En the vector-transfected cells but not in the cells 

transfected with tEPt-v, activation of the endogenous cyclase stimulatory receptor (EPi or 
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EP4) leads to a 3-fold increase in cAMP stimulation. Thus, expression of rEPj.v prevents 

PGE2 stimulation of adenylyl cyclase in these cells. Since the data showing the effect of 

transfection of the original rE?i is not included, the effect of the full-length EPi receptor 

on the endogenous cyclase activity is unknown. 

The data from receptor isoforms with differing carboxyl termini suggest that, at 

least for the prostanoid receptors, the carboxyl terminus is critical in determining the 

receptor G-protein coupling. However, a study using chimeric EP3/ EP4 receptors 

suggests that the carboxyl terminus is not the only determinant of receptor coupling to G-

proteins (42). By replacing the carboxyl terminus of the EP3 receptor with the carboxyl 

terminus of the EP4 receptor, it was found the order of potency for ligand binding was 

similar between the wild-type EPj receptor and the EP3/EP4 chimera. Contrary to 

expectations, however, both the wild type and chimeric receptors inhibited forskoltn-

stimulated cAMP formation to a similar extent. Thus, if the carboxyl terminus were the 

sole determinant of receptor G-protein coupling, one might have expected that like the 

wild type EP4 receptor, the EP3/ EP4 chimera would stimulate cAMP formation. Since 

this did not occur, it suggests that both the third intracellular loop and the carboxyl 

terminus of the prostanoid receptors contribute to the specificity of receptor G-protein 

interactions. 
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1.1.5 Differences in Constitutive Activity Among Prostanoid Receptor Isoforms 

Besides differences in receptor G-protein coupling, tiie levels of constitutive 

activity in coupling to G,- has been found to differ among the EP3 receptor isoforms. For 

instance between two isoforms of the mouse EP3 receptor, the EP33 and EPsy, the EPsp 

isoform shows no agonist independent constitutive activity, while the EP3Y is almost fully 

constitutively active (39). That is, in cells expressing the EP3P, forskolin treatment leads 

to a robust increase in cAMP formation. Addition of agonist decreases the forskolin 

stimulated cAMP levels and this effect is reversible by pretreating the cells with pertussis 

toxin. On the other hand, for cells expressing the EPsy, forskolin treattnent alone fails to 

stimulate cAMP formation and the addition of agonist has no discemable effect. 

Pretreatment of the cells with pertussis toxin reverses the tonic inhibition, and under these 

conditions, forskolin stimulation does increase cAMP production. These data suggest 

that, in the absence of agonist, the EPsy is activating Gi. Thus, even in the absence of 

PGE2, the EPsy isoform tonically inhibits the activity of adenylyl cyclase. The 

physiological significance of this tonic inhibition is presently unknown, but it is probably 

important for modulating the activity of receptors that stimulate adenylyl cyclase. 

1.1.6 Differences in Desensitization Among Prostanoid Receptor Isoforms 

Another important difference that has been characterized among the EP3 receptor 

isoforms is in their response to prolonged exposure to agonist. It has been found that for 
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many G-protein coupled receptors, prolonged exposure to agonist leads to 

phosphorylation of the third intracellular loop and of the carboxyl terminus of the 

receptors. This, in turn, leads to intemalization and either re-sensitization or down 

regulation of the receptors. Studies with the mouse EPsa and EPsp isoforms have shown 

that these two isoforms respond differently to long term agonist exposure (41). Exposure 

of cells transfected with the EP3a isoform to lOOnM PGE2 for 30 minutes caused a 

rightward shift in the PGE2 stimulated dose response curve for inhibition of forskolin 

stimulated cAMP formation but did not change the maximal inhibition of cAMP 

formation. Prolonged exposure (24 hours) to PGEi caused both a rightward shift in the 

dose response curve, and attenuated the maximal PGEi induced inhibition of forskolin 

stimulated cAMP formation. However, in cells transfected with the EPsp isoform, the 

PGEi dose response curves for cells that had not been pretreated with PGE?, cells 

pretreated with 100 nM PGE? for 30 minutes and cells pretreated with 100 nM PGE? for 

24 hours overlapped. 

1.1.7 Differeaces in LocaUzatioii Among Prostanoid Receptor Isoforms 

One final difference that has been described for the prostanoid receptor carboxyl 

terminal isoforms is in their cellular distribution. In the case of the TP receptor isoforms, 

for example, it appears that the TPa receptor is the only isoform expressed in human 

placenta, that the TPp receptor is the only isoform expressed in endotheiiimi, and that 

both receptor isofbrms are expressed in platelets (51,24). Differences in the distribution 
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of the mRNA for several of the EP3 receptor isoforms has also been described (29). 

Using reverse transcription/ PGR with primers selective for four of the human EP3 

receptor isoforms (EP3.1, EP3.11, EP3.111, and EP3.1v), it appears that all of the isoforms are 

expressed in kidney, adrenal medulla, and uterus. However, while mRNA for the EP3.1 

isoform was not amplified from either stomach or from liver, mRNAs for the other 

isoforms were amplified in these tissues. Overall, the EPj.if, EP3.111 and EPj-tv isoforms 

are very widely distributed with the EP3.[ii and EPs.pv mRNA more abundantly expressed 

in aorta than the other isoforms. The significance of the tissue specific expression of the 

EP3 and TP receptor isoforms is, to date, unknown, but understanding the differential 

splicing of the genes that occurs may give clues to the physiological functions of each of 

the isoforms. 
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1.2 HYPOTHESES AND AIMS 

Carboxyi terminal alternative mRNA splice variants have been described for both 

the EP3 and TP prostanoid receptors. Differences have been found among these isoforms 

in functional coupling, constitutive activity, desensitization, and in tissue specific 

distribution. Since these receptors all lie in the same branch of the phylogenetic tree (see 

figure I.l) as does the FP prostanoid receptor, we hypothesize that carboxyi terminal 

alternative mRNA splice variants of the FP receptor exist which differ in functional 

coupling, constitutive activity, desensitization, and/ or tissue distribution. Once the 

existence of altemative mRNA splice variants of the FP prostanoid receptor is 

demonstrated, stable cell lines expressing each of the isoforms will be used to examine 

potential differences in functional coupliag, in constitutive activity and in desensitization. 

These stable cell lines will also be used to gain a greater understanding of the signal 

transduction pathways activated by the original FP prostanoid receptor isoform and any 

novel isoforms. 
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CHAPTER 2 

CLONING OF A CARBOXYL TERMINAL ISOFORM OF THE FP 

PROSTANOID RECEPTOR 

Portions of this chapter previously appeared m Pierce, KX., Bailey, TJ., 

Hoyer, P.B., Gil, D.W., Woodward, D,F., and Regan, J.W. (1997) Cloning of 

a Carboxyl-Teraiinal Isoform of the Prostanoid FP Receptor. J. Biol. Chem. 

272: 883-887. 

2.1 INTRODUCTION 

One of the tissues in which PGFia is known to exert physiological effects is in the 

mammalian corpus luteum. The corpus luteum is produced from the ovarian follicle and 

secretes progesterone that is essential for the maintenance of early pregnancy. It is 

composed of steroidogenic and non-steroidogenic cells. The non-steroidogenic cells are 

primarily endothelial cells and fibroblasts while the steroidogenic cells are divided into 

two types, the large steroidogenic cells and the small steroidogenic cells. Although both 

the large and small steroidogenic cells secrete progesterone, they can be distinguished by 

their size (small cells have a diameter of 10 — 22 jjm and large cells have a diameter of 22 

- 40 jam), and by the presence of receptors for luteinizing hormone on die small 

steroidogenic cells. If pregnancy occurs, the corpus luteum is maintained until the 

placenta develops and begins producing progesterone. In the absence of pregnancy. 
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however, the corpus luteum regresses in a process known as luteolysis. In many species, 

including the ewe, PGFia is the physiological trigger for luteolysis. Although the 

processes underlying luteolysis are not completely understood, it is believed that PGFia 

exerts its luteolytic effects by binding to the FP prostanoid receptor present on large 

steroidogenic cells. 

To gain understanding into the role of PGFia in the ovine corpus luteum, we 

previously reported the cloning of the ovine FP receptor from a mid-cycle large 

steroidogenic cell cDNA library (17). This FP receptor shared -83% homology with the 

previously cloned human FP receptor (1), and high homology with the mouse (59) and 

bovine (56) FP receptors as well. Radioligand binding studies using membranes prepared 

from COS-7 cells transiently expressing the clone were consistent with its classification 

as the ovine FP prostanoid receptor. In Xenopus oocytes injected with cRNA encoding 

the putative FP receptor clone, treatment with an FP receptor agonist led to an increase in 

intracellular calcium, which in turn activated a calcium-induced chloride current. This is 

consistent with activation of a G-protein of the Gq family. Finally, by Northern blot 

analysis, levels of FP receptor message correlated with levels of serum progesterone and 

with the stage in the luteal cycle. During the middle stages of the luteal cycle until just 

before luteolysis, the levels of both progesterone and FP receptor message were high. 

However, once luteolysis had been initiated, the levels of circulating progesterone and FP 

receptor message both feE dramatically consistent with what is known of the FP receptor 

physiology. 
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To gain additional understanding into the physiological functions of PGFia in the 

corpus luteum, we wondered if carboxyl terminal mRNA alternative splice variants of the 

FP receptor might be expressed in this tissue. There are two reasons that we 

hypothesized that isoforms of the FP receptor might be expressed in the corpus luteum. 

The first is that, as described in chapter 1, carboxyl terminal alternative splice variants 

had previously been discovered for both the EP3 and TP prostanoid receptors, and the ET 

receptor is evolutionarily more closely related to the EP3 and TP receptors than to any of 

the other prostanoid receptors. Since the FP, EP3, and TP receptor genes diverged from 

each other more recently than from the other prostanoid receptors, their gene structure is 

more likely to maintain similar pattems of intron/ exon boundaries. Thus, since 

alternative mRNA splice variants have been found for two of these receptors, it is more 

likely that they will also be found for the FP prostanoid receptor. The second reason is 

that since the FP receptor message was found at extremely high levels (~0.I% of the total 

message) in the ovine large steroidogenic cell cDNA library, we thought that if isoforms 

existed, the corpus luteum is a tissue where they could be expressed. Therefore, PCR and 

homology-based screening with the ovine FP receptor as a probe were used to identify 

potential alternative mRNA splice variants of the FP prostanoid receptor. 
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2.2 EXPERIMENTAL PROCEDURES 

2.2.1 cDNA cloning 

A cDNA containing the complete coding sequence of the ovine FPA receptor (14) 

was labeled with by nick translation (Gibco BRL), and an ovine large cell corpus 

luteum library screened as previously described (17). The library was plated at a density 

of ~3400 plaques/ plate (15 cm) and 5 plates were screened. From a total of 24 positives, 

18 were isolated and each was placed in 250 |j,l of HiO. 

To differentiate possible carboxyl terminal alternative splice variants from the 

original FPA isoform, two rounds of PCR were used. In the first round, sense (nt. 258-

275) and antisense (nt. 638-654) primers upstream of the putative sixth transmembrane 

domain were used. Tnese primers were predicted to be specific for the common region of 

all FP isoforms. In the second round of PCR, a sense primer (nt. 793-810) upstream of 

the sixth transmembrane domaia and an antisense primer (nt. 1168-1185) downstream of 

the carboxyl terminus were used. These primers were expected to amplify the original 

FPA isoform but would be unlikely to yield products (at least of the predicted size) using 

cDNA from potential carboxyl terminal splice variants. For the PCR, the isolated 

positive plaques were vortexed for 15 sec., and lysed by three freeze/ thaw cycles 

consisting of freezing in a dry ice/ ethanol bath and thawing at 55°C for 5 minutes. 

Twenty six jil of the phage lysate was added to a 50 jj,l PCR reaction containing final 

concentrations of IX PCR buffer I (Perkin Elmer), 10% DMSO (Sigma), 200 pM dNTPs 



35 

(Perkin Elmer), and I each primer. The samples were heated to 95''C for 5 minutes, 

chilled on ice, 2.5 units of Taq polymerase (Perkin Elmer) were added, and 30 |al of 

mineral oil were overlaid. The PGR conditions were as follows: an initial denaturation 

step at 95°C for 2 minutes followed by 30 cycles at 95°C for 30 sec, 42°G for 30 sec, and 

70°C for 30 sec. The PGR reactions were held at 4°C until analyzed by agarose gel 

electrophoresis. 

Glones that gave positive results in the first round of PGR but negative results in 

the second round of PGR were isolated using standard plaque purification techniques. 

The inserts were subcloned into pBluescript (Stratagene) and sequenced. One clone 

(KS+ZTPB) that was identical to the FPA receptor except in the putative carboxyl terminus 

was identified. 

2.2.2 Construction of a Full Length FPB Isoform and Expression Vector 

KS+/FPB lacked the first 69 bp. of coding sequence, and a fiiU length clone was 

obtained by replacing a HindlE fragment from the original FPA isoform, BCS+/FP (14), 

with a HindlH fragment from KS+ZFPB- KS+/FP and KS+/FPB were restricted with 

HindTTT which cuts at nt. 638 (figure 2.1, single underlining) and in the multiple cloning 

site of ECS+ downstream of the FPB coding sequence. The large fragment containing KS+ 

plus the 5' end of the FPA. receptor and the small fragment containing the 3' end of FPB 

from the FPB digestion were isolated using Geneclean II (Bio 101), ligated, subcloned, 

and KS+/FPB/fijlcod isolated. To make an expression vector, KS+/FPB/fiilcod was 
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restricted with Nae I which cuts at nt. 80, and Ncol which cuts at nt. 1213, filled in using 

Klenow and subcloned into the blunted BamHI/Hindlll sites of pBC12BI (16) to form 

pBC/FPs/fulcod. 

2.2.3 PCR on Genomic DNA 

PGR of sheep genomic DNA was performed using the Advantage Genomic PCR 

kit (Clontech). For the both the FPA and FPB receptor isoforms, the sense primer 

corresponded to nt. 1018-1044. For the FPA receptor, the antisense primer corresponded 

to at. 1291-1317, and for the FPB receptor, the antisense primer corresponded to nt. 1078-

1104. Each 50 p.1 reaction contained 2 |j.l of sheep genomic DNA (~200 ng total), 5 |il of 

Tth PCR reaction buffer (lOX), 1.1 ^iM Mg(0AC)2, I |iM each primer, 200 [aM dNTPs, 

and I |j.l of Advantage Tth Polymerase Mix (SOX). Forty |il of mineral oil was overlaid, 

and the PCR program used was as follows: 95°C for 1 min, 35 cycles at 95''C for 15 sec, 

68°C for 12 minutes, followed by a final extension at 68°C for 12 min. The reactions 

were held at 15°C until analyzed by agarose gel electrophoresis. 

2.2.4 Reverse Transcriptioa (RT)/ PCR 

Total RNA (~5 [ig) from a day 10 ovine corpus luteum was reverse transcribed in 

a 20 |j1 reaction using reverse transcriptase (Superscript II, Gibco BRL) following the 

manufacturer's instructions using 200 ng random hexamer primers. After the cDNA 
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synthesis, RNA remaining in RNA-DNA duplexes was degraded by adding ~1 U of 

ElNAse H and incubating for 30 minutes at 37°C. For the PGR reaction, 2 jii of the cDNA 

reaction was added to a 50 p.! reaction containing 10% DMSO, 250 pM dNTPs (Perkin 

Ehner), I pM each primer, 1 X PGR buffer, and 2.5 U of Taq polymerase (Perkin Elmer). 

The PGR program was as follows: a 7 minute denaturation step at 95°G, 36 cycles at 

95°G for 1 minute, 55''C for I minute and 72°G for I minute, followed by 7 minutes at 

72°G, and the reaction was held at A°C. 

2.2.5 Inositol Phosphate Accumulatioii Assay 

Receptor-mediated phosphatidylinositol hydrolysis was determined by measuring 

the accumulation of inositol phosphates in cells that were preincubated with myo-[2-

^Hjinositol (17-18 Ci/'mmol, Amersham). COS-7 ceUs were plated in 10 cm dishes (10^ 

cells/ dish) in DMEM with 10% fetal bovine serum and transfected the following day 

with the expression plasmids PBC/FPA or pBC/FPs/fulcod (4 pg/dish), using lipofectin 

(40 pg/ dish, Gibco BEIL) following the manufacturer's instructions. On day three, the 

cells were incubated with 3 pGi/tnl myo-[2-^H]inositol in DMEM/ 10% fetal bovine 

serum. Cells were harvested on the foUowtng day, pre-incubated for 10 min in DMEM 

containing 25 mM HEPES buffer/ 10 mM LiGl in to block the dephosphorylation of 

inositol phosphates and aliquoted in duplicate (200 pi) to tubes containing various 

concentrations of drug (50 pi). After a 30 min, 37''C incubation, inositol phosphates 

were extracted with 750 pi chloroform/ methanol/ 4N HGl (100:200:2). An additional 
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250 [il each of the chlorofonn and 0.5 N HCl were added and the samples were vortexed. 

Unincorporated myo-[2-^H]inositol was removed by adding 750 |al of the resulting 

aqueous layer to a Dowex 1-X8 (formate, 100-200 mesh, BioRad) anion exchange 

column. Following three washes with 3 ml of 5 mM inositol, the inositol phosphates 

were eluted with 1.5 ml of 1.3 M ammonixmi formate/ O.IM formic acid and cpm were 

detemained by liquid scintillation counting. 
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2.3 RESULTS 

We screened an ovine mid cycle large cell luteal library with the previously 

cloned ovine FP receptor (17) and used PGR to identify possible carboxyl terminal 

alternative mRNA splice variants. From a total of 17,000 plaques, one putative 

alternative splice variant was identified. We have designated this clone FPB, in contrast 

to the original isoform that we now define as FPa. Figure 2.1 shows the cDNA and 

deduced amino acid sequence of the ovine FPA and FPB receptor isoforms. The FPA and 

FPB isoforms share the same sequence until they diverge nine amino acids into the 

carboxyl terminus. In the original isoform, the FPA, the carboxyl terminus continues for 

46 amino acids beyond the splice site, while the FPB isoform continues for only one 

amino acid. Thus, the FPB is truncated relative to the FPA isoform. The immediate 3'-

untranslated region of the mRNAs encoding these isoforms differ as well. 

To determine how the two FP receptor isoforms arose, PGR was performed on 

sheep genomic DNA using primers which spanned the proposed, splice site. Thus, the 

same sense primer (nt. 1018 - 1044) was used in both reactions in combination with an 

antisense primer specific to each isoform (FPA nt. 1291-1317, FPB nt.1078-1104). A 

picture of the agarose gel on which the reactions were electrophoresed is shown in figure 

2.2. Lane 1 shows the size of the product obtained with, the FPA specific primer, and lane 

2 shows the size of the product obtained, with the FPB specific primer. Thus, 

amplification with the FPA specific primer yielded, a product of -300 bp., that is identical 

to the size predicted from amplification of the cDNA. Amplification with the FPB 
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Figure 2.1 cDNA and Deduced Amino Acid Sequences of the Cloned FPA and FPB 

Receptor Isoforms. The sequences of the putative transmembrane domains are double 

underlined, and potential sites for N-linked glycosylation are in bold (amino acids 4 and 

19). The unique cDNA and deduced amino acid sequences of the isoforms are 

separated with the putative amino acid sequences in bold. The HindTTT site (nt. 638) 

used to constract the full-length FPB isoform and for restriction enzyme analysis is 

indicated with single underlining. 
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Figure 2.2 Photograph of an Agarose Gel After Electrophoresis of PGR on Sheep 

Genomic DNA Using Primers Specific for the FPA and FPB Prostanoid Receptor 

Isoforms. The sizes of the X phage/Hindlll and (j)174/Haein molecular weight 

standards electrophoresed in the lane S are indicated to the left of the gel. Lane I 

shows the products obtained from PGR using a common sense primer and an antisense 

primer specific for the FPA isoform. Lane 2 shows the products obtained from PGR 

using the same sense primer with an antisense primer specific for the FPB isoform. 



specific primer, however, yielded a 3200 bp. product. This product is much larger than 

the 86 bp. product that would be expected from amplification of the FPB CDNA. 

To verify that the message for the FPB was expressed in corpus luteum, RT/ PGR was 

performed on mRNA obtained from a mid-cycle corpus luteum using primers flanking 

the coding region of the FPB isoform. The sense primer corresponded to nt. 88-111, and 

included the codon for the initiator methionine, and the antisense primer corresponded to 

nt. 1081-1098 of the FPB receptor isoform which is downstream of the stop codon. 

Figure 2.3 shows a photograph of the ethidium bromide stained agarose gel with the 

products of the PGR reaction. Lane 1 is the product obtained from the ovine corpus 

luteum cDNA, lane 2 shows a positive control in which KS+ZEPs/fulcod plasmid DNA 

was amplified with the same pair of primers, and lane 3 is the negative control. For both 

the ovine corpus luteum cDNA and the plasmid positive control, a product of the 

expected size, 1010 bp., was obtained. To verify that this 1010 bp. product encoded the 

full length FPB isoform, the bands from lanes 1 and 2 were isolated and digested with 

HindlTT, which yielded products of the expected size, 459 bp. and 551 bp. based on the 

presence of a Hindlll site at nt. 638 (data not shown). 

To examine the pharmacology of the FPB clone, radioligand binding was 

performed using membranes from GOS-7 cells that were transiently transfected with 

pBG/FPg/fulcod using the DEAE-Dextran method (12). Figure 2.4 shows radioligand 

binding competition curves using 17-[^H]phenyl-trinor-PGF2a as the radioligand. The 

ability of a series of natural and synthetic prostanoids to displace 17-
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Figure 2.3 Photograph of an Ethidium Bromide Stained Agarose Gel After 

Electrophoresis of a PGR Using Primers Specific to the FPB Receptor on cDNA 

Obtained from Corpus Luteum. The standards are in lane S and the size is (kilobase 

pairs) indicated to the left of the gel. Lane 1 shows the PGR products obtained using 

mid-cycle ovine corpus luteum mRNA as the template. Lane 2 shows the positive 

control using KS+/FPB as the template, and lane 3 shows the negative control without 

added template. The primer parr used (see "Experimental Procedures") was expected 

to amplify a product of 1010 bp., as indicated under "Results". 
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[^H]phenyI-trinor-PGF2a binding was measured, and the rank order of potencies of the 

competitors was as follows: 17-phenyl-trinor-PGF7a > PGF2a > fluprostenol > PGD2 = 

PGET » 8-epi PGFza. Thus, the synthetic prostanoid, 17-phenyl-trinor-PGF2a was the 

most potent with an EC50 of ~10 nM, while PGFia was the most potent natural prostanoid 

with an EC50 of ~40 nM, although both PGD2 and PGE2 were also able to displace 17-

[^H]phenyl-trinor-PGF2a binding. These results are nearly indistinguishable from those 

obtained for the FPA under similar conditions (17). 

Since the FP receptor cloned from other species activates phosphatidylinostiol hydrolysis 

(56, 59), we wanted to determine whether the ovine FPA and FPB isoforms could also 

stimulate inositol phosphate accumulation and whether there were any differences 

between the isoforms. Figure 2.5 shows the results of experiments performed on COS-7 

cells that were transiently transfected with the FPA (17) or the FPB and treated with 

different concentrations of PGFia- Inositol phosphate accumidation was normalized to 

the basal level of inositol phosphate accimiulation for the FPA- PGF2a did not stimulate 

inositol phosphate formation in untransfected cells. For cells expressing either the FPA or 

FPB receptor isoforms, PGFja was able to elicit the same maximal level of inositol 

phosphate accumulation, 220% over the basal obtained with the FPA receptor isoform. 

The EC50 was also similar for the two isoforms, 8 nM for the FPA and 11 nM for the FPB 

isoform. However, the basal level of inositol phosphate accumulation was -130% higher 

in cells expressing the FPB isoform than, in cells expressing the FPA, which in turn was 

-140 % higher than the basal level of hydrolysis in 
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Figure 2.4 Radioligand Binding Competition Studies for tlie Binding of 17-

[^Hlplienyl-trinor-PGFia to Membranes Prepared from COS-7 Ceils Transiently 

Transfected with pBC/FPa/fulcod. Cells were transiently transfected with 

pBC/FPe/fulcod using the DEAE-Dextran Method (12) and two days later, membranes 

were prepared and radioligand binding performed as described previously (17) using 

17-[^H]-phenyl-trinor PGFia (85 Ci/ mmol; Amersham Corp.) as the radioligand. 

Symbols are as follows: •, 17-phenyl-trinor-PGF2a; •, PGFza; •, fluprostenol; •, 

PGDi; A, PGEz; •, 8-epi- PGFaa-
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Figure 2.5 PGFza Stimulated Inositol Phospiiate Accumulation in Cells Transiently 

Expressing Either the FPA O or FPB (A) Receptor Isoforms. Data are normalized 

to the basal level of inositol phosphate accumulation of FPA expressing cells. These data 

are the mean of two independent experiments performed in duplicate. The experiment 

has been repeated with similar results both in COS-7 and COS-P cells. 
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untransfected cells (data not shown). Based on radioligand bindmg competition studies, 

the level of receptor expression was higher for cells expressing the FPA receptor than for 

cells expressing the FPB receptor. In addition, similar experiments were repeated in 

COS-P cells, with essentially the same findings. 
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2.4 DISCUSSION 

Previously, we and others reported the cloning of the FP prostanoid receptor from 

bovine (56), human (1), mouse (59), and ovine (17). Here we report the cloning of the 

FPB» a carboxyl terminal isoform of the ovine FP receptor. Isoforms have previously 

been reported for the EP3 and TP prostanoid receptors, but this is the first report of 

isoforms of the FP receptor. Like the EP3 and TP receptor isoforms, the FP receptor 

isoforms are divergent only in the distal portion of the carboxyl termini. Thus far, two 

isoforms of the human TP receptor have been cloned (51), while a total of 13 different 

isoforms of the EP3 receptor have been cloned among bovine, human, rabbit, and mouse 

(50). 

The existence of FP receptor isoforms was hypothesized based on previously 

cloned EP3 and TP receptor isoforms and relationships established by the phylogenetic 

analysis of the prostanoid receptors (53, 61). This analysis places the DP, EPi, EP4, and 

EP receptors in one branch of the phylogenetic tree and the remaining EPi, EP3, FP, and 

TP receptors in the second. With the cloning of the FPB, carboxyl terminal isoforms have 

now been foimd for three of the four receptors in the second branch. Carboxyl terminal 

isoforms have not yet been reported for the EPi receptor but die phylogenetic 

relationships suggest that they, too, may exist. Interestingly, the existence of isoforms 

also seems to correlate with second messenger coupling. Thus, the receptors in the 

second branch where isoforms have been reported are all primarily coupled to either 

phosphatidylinositol hydrolysis or inhibition of adenylyl cyclase, while isoforms have not 
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been obtained for the receptors in the first branch which are all coupled to stimulation of 

adenylyl cyclase. 

The TP and EP3 receptor isoforms arise by alternative mRNA splicing at a 

location that is homologous to the site at which the FP isoforms diverge, suggesting that 

the FP receptor isoforms are also generated by alternative mRNA splicing. In the case of 

the TP receptor isoforms, the isoforms arise by the failure to utilize a potential splice site 

(51). Thus, the sequence of the carboxyl terminus of the endothelial variant (TPa) is 

identical to the genomic sequence, while this sequence is spliced out to form the placental 

variant (TPp). It appears that the same mechanism generates the two FP receptor 

isoforms (Figure 2.6). Using the primers specific for the FPA receptor, the PCR product 

obtained from the genomic DNA is identical to the size of the product predicted from the 

cDNA sequence indicating that no DNA is spliced out to generate this isoform. 

However, when primers specific for the FPB are utilized in a PCR reaction on genomic 

DNA, the product obtained is much larger than predicted from the cDNA. Thus it 

appears that a -32 kb intron is spliced out to generate the FPB receptor message. 

Consistent with the mechanism for the generation of these two isoforms, the dinucleotide 

sequence GT that is highly conserved sphce donor sites is retained in the sequence of the 

FPA isoform (nt.I048- 1049) (8,47). 

The functional significance of the carboxyl terminal isoforms has been most well 

characterized for the a, P, and 7 isoforms of the mouse EP3 receptor. Agonist binding 

among the isoforms is virtually indistinguishable (60), but differences 
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Figure 2.6 Model for the Generation of the FP Receptor Isoforms. The top 

portion of the figure shows the proposed structure of the FP receptor gene. The 

nixmbers in the shaded boxes correspond to the approximate position within the genes 

of the 7TM domains. There is an intron in the sixth transmembrane domain that is 

conserved in the sixth transmembrane of all prostanoid receptor genes. In addition, 

there is a splice site nine amino acids into the putative seventh transmembrane 

domain. The spHce site is utihzed and a 3.2 kb intron is spliced out in the formation of 

the FPB receptor isoform mRNA. However, for the FPA receptor isofbrm, the splice 

site is not utilized, and the intron is retained and used as an exon. This is known as the 

failure to utilize a potential splice site or the retained intron pattern of altemative 

mRNA spEcing. 
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among the isoforms have been found in receptor/ G-protein coupling. Traditionally, the 

mouse EP3 isoforms are coupled to inhibition of adenylyl cyclase, but some of the 

isoforms have been found to stimulate cAMP formation and/or activate 

phosphatidylinositol hydrolysis (27,38,40). In addition, two isoforms, the EPja and EPsy 

and a recombinant mutant that is truncated at the splice site have been shown to have 

agonist independent constitutive activity (21). Thus, in the absence of agonist, the level of 

forskolin-stimulated cAMP accumulation is greater in cells expressing the EP3P isoform 

than in cells expressing either the EP3a or EPa-^ isoforms or the truncation mutant. 

However, maximal inhibition of forskolin stimulated cAMP formation in the presence of 

agonist is the same for all three isoforms and for the truncation mutant. For the EPsa 

isoform, there is agonist-independent constitutive activity and agonist-dependent 

inhibition of cAMP formation, while for the truncation mutant, there is only agonist 

independent inhibition of cAMP formation. Data obtained with the EPsy isoform suggest 

that there is agonist-independent stimulation of the G-protein, Gi, but agonist-dependent 

stimulation of the G-protein, Gs (39). 

Our data with the FP receptor isoforms indicate that the receptor/ G-protein 

coupling for the FP receptor isoforms are analogous to the data found for the mouse EPsa 

and EPsp isoforms. There is agonist independent constitutive inositol phosphate 

accumulation in cells expressing either the FPA or FPB receptor isoforms, but this level is 

approximately 130% higher for cells expressing the truncated FPB isoform than for cells 

expressing the FPA receptor isoform. In addition, for both the FPA and FPB isoforms, 

there is agonist stimulated inositol phosphate accumulation that reaches the same 
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maximal level. This suggests that the FPB isoform is a naturally occurring truncated 

receptor that shows agonist independent constitutive activity, but is still responsive to 

agonist. This is in contrast to the tnmcation mutant of the EP3 receptor which shows only 

agom'st independent constitutive activity and is unresponsive to agonist. The data with 

both the EP3 and FP receptor isoforms are consistent with mutations made in other G-

protein coupled receptors, includmg the avian P adrenergic receptor and the thyrotropin-

releasing hormone receptor which suggest that sequences in the carboxyl tail may 

suppress G protein interactions in the absence of ligand (32, 34, 48, 57). 

More work will be needed to establish if additional biochemical differences exist 

between die FP receptor isoforms. Of particular interest are possible differences in 

desensitization, localization and ability to activate other downstream effectors. The 

physiological significance of the FPB isoform, and of other prostanoid receptor altemative 

splice variants is also intriguing. In the mid-cycle large cell corpus luteum library from 

which the FPB was cloned, the FPA is far more abundant than the FPe. This, however, 

may not be true throughout the luteal cycle and in other tissues that are also responsive to 

PGFza-
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CHAPTERS 

FUNCTIONAL COUPLING OF THE FPa AND FPB RECEPTOR 

ISOFORMS TO SECOND MESSENGER PATHWAYS 

3.1 INTRODUCTIOiV 

In the previous chapter, we reported the cloning of a carboxyl terminal isoform of the 

ovine FP prostanoid receptor. The original FP receptor isoform, now known as the FPA 

receptor isoform, continues for 46 amino acids beyond the splice site (located nine amino 

acids into the carboxyl terminus), while the novel isoform, the FPB, continues for only 

one amino acid beyond the splice site. In addition to the FP prostanoid receptor, carboxyl 

terminal alternative mRNA splice variants have also been found for the EP3 and TP 

prostanoid receptors. Like die FP prostanoid receptor alternative mRNA splice variants, 

the carboxyl termini of the TP and EP3 prostanoid receptor isoforms differ both in length 

and in content. 

As discussed in chapter 1 and in chapter 2, differences in fimctional coupling to 

second messenger pathways have been found among the EP3 and TP receptor isoforms. 

Before the EP3 receptor was cloned, pharmacological and biochemical studies had 

suggested that the receptor was primarily, if not exclusively, coupled to inhibition of 

adenylyl cyclase. However, experiments with the cloned bovine EP3 receptor isoforms 



55 

(the first prostanoid receptor isoforms identified) (38), have shown that the receptor 

isoforms can couple to multiple second messengers. Of the four bovine isoforms cloned, 

two coupled to inhibition of adenylyl cyclase (EPSA, EPSD), two coupled to stimulation of 

adenylyl cyclase (EP3B, EPsc), and two coupled to phosphatidylinositol hydrolysis (EP3A, 

EPJD). Thus, the cloning of the receptor isoforms revealed both that the EP3 receptor was 

functionally coupled to additional second messenger pathways beyond the inhibition of 

adenylyl cyclase and also that the same receptor isoform could couple to multiple G-

proteins. 

Since differences have been found among both the EP3 and TP receptor isoforms in 

coupling to second messenger pathways, we hypothesized that differences might also 

exist for the FP receptor isoforms in coupling to second messenger pathways. In the 

original cloning study of the FPB receptor isoform (49), we demonstrated that both the 

FPA and FPB isoforms could couple to phosphatidylinositiol hydrolysis. However, we 

wondered if it might be possible that at least one of the FP receptor isoforms would also 

couple to an additional second messenger pathway, most likely one involving either 

stimulation or inhibition of adenylyl cyclase. 

Another possible difference that we thought might exist between the FPA and FPB 

receptor iso&rms was in agonist independent constitutive activity. Our preliminary 

experiments in COS-7 cells transiently expressing the FPA and FPB receptor isoforms 

suggested that the FPB receptor might exhibit a higher level of agonist independent 

constitutive activity than the FPA receptor. That is, the basal level of phosphatidylinositol 

hydrolysis for cells expressing the FPB receptor was approximately 130% higher than for 
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cells expressing the FP^ receptor isoform (figure 2.4, chapter 2). Again, this was a 

difference that had been described for the EP3 receptor isoforms (see chapter 2), in which 

some of the naturally occurring isoforms show agonist independent coupling to second 

messenger pathways, while others do not. In addition to the naturally occurring EP3 

receptor isoforms, an artificial truncation mutant of the EP3 receptor that was truncated at 

the splice site which is conserved in the genes of all of the prostanoid receptors for which 

isoforms have been found also exhibited agonist independent second messenger coupling. 

In second messenger studies, it was found that the truncation mutant inhibited forskolin 

stimulated cAMP formation in the absence of agom'st. Since the FPB receptor isoform 

continues for only one amino acid beyond the conserved splice site, it shares stractural 

similarity with the truncation mutant, structural similarity that we thought might extend 

to the ways in which the isoforms couple to G-proteins. Thus, we thought that like the 

truncation mutant of the EP3 receptor, the FPB receptor isoform might also exhibit 

agonist independent constitutive activity. 

Thus, to test our hypotheses that there might be differences between the FP receptor 

isoforms in coupling to second messengers or in agom'st independent constitutive activity, 

we performed second messenger studies on cell lines stably expressing the FPA. and FPB 

receptor isoforms. 
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3.2 EXPERIMENTAL PROCEDURES 

3.2.1 Construction of PCEP4/FPA and PCEP4/ FPB 

Approximately 2 |a.g of pBIuescript (KS+) with the cDNAs encoding either the 

FPA (KS+/FPA) or FPB (KS+/FPB) receptor isoforms were restricted using the enzymes 

Xhol (Life Technologies) and NotI (Life Technologies). The samples were 

electrophoresed on a 1% TAE agarose gel and the bands corresponding to the FPA and 

FPB receptor cDNAs were excised from the gel and purified using GeneClean II (Bio 101) 

to a final volume of 20 Two {ag of the plasmid pCEP4 (Invitrogen) was then 

restricted with the same enzymes, NotI and Xhol, and electrophoresed on a 0.8% low 

melting point TAE agarose gel, and the linearized vector was excised from the gel. For 

the ligation, the gel slice containing pCEP4 was melted at 70°C, and 50 ja.1 of the melted 

gel was added to prewarmed tubes (37°C) and placed in a 37°C water bath. Seven |il of 

ddHiO was added to the ligations along with 2 |j.l of the purified cDNAs encoding either 

the FPA or FPB receptor isoforms. Fifteen |il of 5X T4 DNA Ligase buffer (Life 

Technologies) was added to each sample, the samples were removed from the 37°C water 

bath, and 3 of T4 DNA Ligase (3 U, Life Technologies) was rapidly added. The 

samples were incubated at room temperature overnight, and the following day, the 

samples were melted at 70''C for -2-3 minutes and 200 |il of ddHiO was added, to each 

sample. 
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For the transformation, XL-2 Blue Supercompetent cells (Stratagene) were used, 

and 5 [j.1 of the ligation mixture was included in the transformation which was perfomed 

according to the manufacmrer's protocol. Briefly, 50 |il of competent cells were added to 

Falcon 2059 tubes on ice, 5 |.tl of the ligation mixture was added, and the cells were 

incubated on ice for 30 minutes. The transformation mixture was heat shocked at 42°C 

for 30 seconds, placed on ice for two minutes and 1 ml of room temperature NZY media 

containing 1.25 mM each MgS04 and MgCli and 0.4% glucose was added. The samples 

were incubated at 37°C for 1 hour and 300 jj,l of each sample were plated on LB agar 

plates containing 100 ng/ ml ampicillin. Ampicillin resistant colonies were picked, 

grown overnight in LB with 100 ^g/ ml ampicillin, and the plasmid DNA extracted 

following standard protocols. To confirm that the plasmids had incorporated the 

appropriate cDNA inserts, the purified plasmid DNA was restricted with HindlEL (Life 

Technologies). To prepare the DNA for transfection into mammalian cells, A large scale 

DNA plasmid prep was performed and the DNA purified on a cesiirai chloride gradient. 

3.2.2 Generatioa of the Stable Transfectants 

HEK -EBNA cells (Invitrogen) were grown according to the manufacturer's 

instructions in DMEM with 10% fetal bovine serum, 250 fig/ ml G418 (Life 

Technologies) and 200 ^g/ ml gentamicin. (Life Technologies) or 100 units/ml penicillin/ 

100 [ig/ ml streptomycin (Life Technologies). To determine the appropriate 

concentration of Hygromycin B (Boehringer Mannheim) to use for the selection of the 
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stably transfected HEK cells, a hygromycin B kill curve was performed. For this, the 

cells were treated with concentrations of hygromycin B ranging from 100 |ag/ mi to 500 

l^g/ ml for one week. Two hundred |ig/ ml was the lowest concentration of hygromycin B 

that could kill all of the cells. Therefore, this concentration was chosen for the selection 

of the stable transfectants. 

For the transfection, one 10 cm plate of HEK-EBNA cells was grown to 

approximately 50 -60% confluence. For each plate, either 20 |ag of PCEP4/FPA or 

PCEP4/FPB was transfected into the HEK cells using the calcium phosphate method. In a 

15 ml conical tube, 20 |ag of either pCEP4/ FPA or pCEP4/ FPB was added to 500 |al of 

250 mM CaCh. Five hundred {4.1 of 2X HEPES buffered saline (2X HBS, 280 mM NaCl, 

50 mM HEPES acid, l.5mM Na2HP04 pH 7.05-7.12) was added drop by drop with 

continuous vortexing. The DNA/ calcium phosphate solution was allowed to incubate at 

room temperature for 30 minutes. After 30 minutes, 9 ml of DMEM (without fetal 

bovine serum or antibiotics) was added to the DNA/ calcium phosphate mixture, the cells 

were rinsed twice with 10 ml of phosphate buffered saline (1 X PBS), and the DMEM/ 

DNA/ calcium phosphate mixture was added to the cells. The cells were incubated at 

37°C in a humidified 95% air/ 5% COz incubator for five hours. After the five hour 

incubation, the calcium phosphate solution was removed and the cells were treated with. 

10% glycerol (diluted in DMEM) for two minutes. The glycerol solution was aspirated 

and DMEM with 10% fetal bovine serum was added. The cells were incubated overnight 

and the following day the media was replaced with DMEM with 10% fetal bovine serum. 
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250 |j.g/ ml G418 and penicilUn/streptomycin. The following day, hygromycin B was 

added to a final concentration of200 |j.g/ ml. 

Approximately 10 days after transfection, hygromycin B resistant clones were 

individually selected, and each clone was transferred to one well of a 24 well plate. Once 

the cells had reached confluence in the 24 well plate, they were transferred to one well of 

a six well plate and further expanded to a 10 cm dish. For use in the biochemical assays, 

tlie cells were maintained under continuous hygromycin selection and split as necessary. 

3.2.3 Immunofluoresence Microscopy 

Untransfected cells or ceils transfected with the ovine FPA receptor were grown on 

22 mm round glass coverslips. They were fixed for 15 minutes in freshly made 4% (w/v) 

paraformaldehyde (in PBS), quenched 3 times for 10 minutes each with 0.1 M glycine 

(pH 7.4) and penneabilized for 30 minutes in 2 X SSC (30 mM sodium chloride/ 300 

mM sodium citrate) with 0.1 % (v/v) Triton X-100. The cells were incubated at room 

temperature in blocking buffer (2 X SSC, 0.05% Triton X-IOO, 2% goat serum, 1% 

bovine serum albumin) with a 1:500 dilution (0.6 |ig/ ml) of an antibody selective for the 

carboxyl terminus of the ovine FPA. receptor. The cells were washed 3 times for 5 

minutes each in 2 X SSC/ 0.05% Triton X-100 (v/v), and incubated at room temperature 

for 40 minutes with a 1:1000 dilution of a fluorescein isothiocyanate- conjugated rabbit 

anti-chicken secondary antibody (Sigma) in the antibody blocking buffer. The cells were 
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mounted with p-phenylene diamine and viewed using indirect immunofluorescence 

microscopy. 

3.2.4 Inositol Phosphate Assays 

Inositol phosphate assays were performed essentially as described previously (3). 

Briefly, cells were grown in 12 well plates until they reached confluency. They were 

treated overnight with 0.2 i^M myo-[2-^H]inositoi in serum free DMEM. The next 

morning, the media containing the myo-[2-^H]inositol was replaced with serum free 

DMEM and allowed to incubate for 1 hour. After 1 hour, the media was replaced with 

DMEM containing 10 mM LiCl, incubated for 10 minutes at 37°C, the appropriate drug 

concentrations were added (from a lOOX stock) and the cells were incubated at 37°C for 

one hour. After 1 hour, the media was removed, and 500 jil of cold methanol was added. 

The cells were scraped and the cell lysates were added to tubes containing 1 ml of 

chloroform and 500 |il of ddHzO. An additional 500 (xl of methanol was added to the 

cells, the cells were scraped again and the cell lysates added to the same tubes. The 

samples were vortexed, centrifiiged at 2000 rpm at 4°C in a Beckman tabletop centrifuge, 

and 900 p.1 of the resulting aqueous layer was added to 2 ml of ddHiO. The samples were 

vortexed and applied to a 2.5 ml anion-exchange colunm (AG1-X8, formate form, 

Biorad). The colunms were washed 3 times with 5 ml of ddHiO and 2 times with 5 ml of 

5 mM sodium tetraborate/ 60 mM sodium formate. The inositol phosphates were eluted 
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with 2 ml of 200 mM ammom'um formate/100 mM sodium formate, and the radioactivity 

was determined by liquid scintillation counting. 

3.2.5 Radioligand Binding 

Radioligand binding was performed as previously described (1) using [^HjPGFia as 

the radioligand. Briefly, cells in 10 cm plates were grown until confluent, the medium 

was aspirated and 1 ml of ice cold MES binding buffer (10 mM MES, pH 6.0, 10 mM 

MnClz, 0.4 mM EDTA) was added. The cells were scraped and the lysates were 

transferred to 1.5 ml microcentrifuge tubes on ice and frozen in a dry ice/ ethanol bath. 

For the binding assays, the cell lysates were thawed at room temperature and sonicated 

for ~3 seconds with a probe sonicator. Each tube of the binding assay contained 2.5 nM 

[^H]PGF2a (diluted in binding buffer), the appropriate concentration of competitor 

(diluted in binding buffer), 100 ^1 of cell lysate and binding buffer to bring the reactions 

to a final volume of 200 |iL The reactions were incubated at room temperature for 1 

hour, and then harvested with a Brandel cell harvester using Whatman GF/B glass fiber 

filters. The cell membranes were washed quickly three times with ice cold binding 

buffer. The filters were allowed to dry, placed in scintillation vials, 7 ml of Safety-Solve 

(Research Products International) high flash point scintillation cocktail was added, the 

samples were vortexed and the radioactivity determined by liquid scintillation counting. 



63 

3.2.6 Intracellular Calcium Measurements 

Intracellular calcium measurements were performed as previously described (3). 

Cells were grown on 10 cm plates until they were confluent, trypsinized and counted. 

They were resuspended in media at a final concentration of 3 million ceils/ ml. Fura2-

AM (Sigma, 1 mM stock in DMSO) was added to a final concentration of I jj.M, and the 

cells were incubated for 30-45 minutes at 37°C. After the incubation, 40 ml of media was 

added and the cells were centrifuged at 1200 RPM for 5 minutes to remove 

unincorporated flira2-AM. The cells were then resuspended in media at a concentration 

of two million cells/ ml and were distributed to microcentrifuge tubes in 500 (il aliquots. 

Just before use, the cells were pelleted by centrifugation for 2 minutes at 2000 rpm, and 

were resuspended in recording buffer (120 mM NaCl, 6 mM KCl, 1.4 mM CaC^, 1 mM 

MgS04, 20 mM HEPES, Img/ ml glucose, 1 mg/ ml sodium pyruvate, pH 7.4). 

Recording and analyses were done as previously described (66) using a Perkin Elmer L5-

50 fluorescence spectrometer. The cells were lysed with 0.1% Triton to obtain maximum 

fluorescence and EGTA (final concentration, 6 mM) and NaOH (final concentration, 20 

mM) were added successively to obtain minimum fluorescence. 

3.2.7 cAMP Assays 

cAMP assays were performed as previously described (53) using a cAMP binding 

assay developed by Gilman (15). Serum starved cells grown in 24 well dishes were 
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pretreated for 2 minutes with 0.1 mg/ ml 3-isobutyl-l-methyIxanthine (EBMX) and then 

the appropriate concentrations of drug (from a 5X stock) were added and the cells were 

incubated for 15 minutes at 37°C. Following the incubation, the medium was aspirated 

and 150 |il of cold 50 mM Tris (pH 7.5)/ 4 mM EDTA was added to each well. The cells 

were scraped, and the cell lysates were transferred to microcentrifuge tubes and boiled for 

10 minutes. If the assays were not performed immediately, the cell lysates were frozen at 

-80°C. To determine the picomoles of cAMP in the cell lysates, a cAMP standard curve 

with known concentrations of cAMP ranging from 0.125 to 64 picomoles (in 50 jil) was 

used. For the unknowns, 50 jil of the cell lysates was added to labeled microcentrifuge 

tubes on ice. Each tube received 0.9 pmol of [^HjcAMP (diluted in 50 mM Tris (pH 7.5)/ 

4 mM EDTA) and 6 [.ig of protein kinase A (Sigma) (diluted in 50 mM Tris pH 7.5/ 4 

mM EDTA/ 0.1% BSA). The 200 [il reactions were incubated on ice at 4°C for 2 hours, 

and then 100 [il of 50 mM Tris pH 7.5/ 4 mM EDTA/ 2 % BSA containing 2.5 mg/ ml 

charcoal was added to each tube. The samples were vortexed, centrifuged for 2 minutes 

at 12000 rpm and 200 jil of supernatant was added to labeled scintillation vials. 7 ml of 

safety- solve high flash point scintillation cocktail (Research Products International) was 

added to each sample, and the radioactivity was determined by liqxiid scintillation 

counting. 
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3.2.8 MAP Kinase Assays 

MAP kinase assays were done as previously described (10, 54). Briefly, cells were 

grown in 6 well plates until confluent. They were serum starved overnight and dosed with 

drug for the appropriate amount of time at 31^C. 600 p-l of lysis buffer containing 20 mM 

HEPES (pH 7.2), 50 mM p glycerophosphate (pH 7.5), 0.1 mM sodium vanadate, 2 mM 

MgCh, 1 mM EGTA, 0.5% Triton X-100 (v/v), 5|ig/ ml leupeptin, 20 (ig/ ml aprotinin, 

and 1 mM dithiothrietol (DTT) were added to each well. The samples were scraped, 

transferred to microcentrifiige tubes and centrifiiged at high speed for 10 minutes at 4°C. 

The protein content was determined for each sample, the samples were normalized, and 

the maximum amount of protein (in 500 |al of lysis buffer) was used. A 1:125 dilution 

each of rabbit polyclonal anti-ERKl and anti-ERK2 antibodies (Santa Cruz 

Biochemicals) were added to each sample, and the samples were rotated for 1.5 hours at 

4°C. Ten |il of a 1:1 slurry of protein A agarose (Sigma) was added to each sample, and 

the samples were rotated for an additional 1.5 hours. After the incubation, the samples 

were washed twice with 1 ml of lysis buffer, and once with kinase buffer containing 20 

mM HEPES (pH 7.2), 50 mM [3 glycerophosphate, 0.1 mM sodium vanadate, 20 mM 

MgClz, and 0.1 mM EGTA. For the kinase assays, the samples were incubated for 15 

minutes at 37°C with 40 |il of the kinase buffer containing 50 (xg/ ml protein kinase 

inhibitor, 0.2 mM ATP, 2 jiCi [7-^P]ATP and 80 |xM epidermal growth factor receptor 

peptide (EGFR-p) as the substrate. After the incubation, the samples were precipitated 

by the addition of trichloroacetic acid (final concentration 5% w/v), and the samples were 
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spotted onto P-81 phosphocellulose filters (Whatman). The filters were washed 4 times 

for 5 minutes with 75 mM phosphoric acid followed by a two minute wash in acetone. 

The filters were transferred to scintillation vials and the radioactivity determined by 

liquid scintillation counting. 

3.2.9 Jun Kinase Assays 

Jun kinase assays were performed as previously described (35) using a GST-c-Jun 

fusion protein both to pull down c-Jun kinase and as a substrate for the kinase. For the 

assay, cells were grown to confluence in 6 well dishes, treated with drug for the 

appropriate amount of time, and lysed in 200 jil of buffer containing 20 mM Tris (pH 

7.6), 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 0.5% (v/ v) Nonidet P40, I mM DTT, 1 

mM phenylmethanesulfonyl fluoride (PMSF), 2 mM sodium vanadate, 20 |ig/ ml 

aprotinin, and 5 |ig/ ml leupeptin. The cell lysates were centrifuged, the protein in the 

supernatant determined and 25 ij.g of protein was used in 400 |il of lysis buffer for the 

puU down. Five-10 |il of a 1:L slurry of GST-c-Jun bound to GSH agarose beads were 

added to the supematants and the samples were rotated for 1 hour to overnight at 4°C. 

The beads were washed twice in the lysis buffer and once in kinase buffer which 

contained 20 mM HEPES (pH 7.2), 10 mM MgCU, 20 mM [3 glycerophosphate, 10 mM 

p-nitrophenyl phosphate, 1 mM DTT, 50 mM sodium vanadate. The beads were 

resuspended in kinase buffer containing 2 jiCi [y^^P]ATP and incubated at 30°C for 20 

minutes. Laemmli sample buffer was added, and if not electrophoresed immediately, the 
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samples were frozen at -20°C. Before electrophoresis on a 10% SDS-polyacrylamide 

gel, the samples were boiled for 5-10 minutes, placed on ice and the beads pelleted by 

brief centrifligation. After electrophoresis, the gels were fixed in 50% methanol/ 10% 

acetic acid for 30 minutes and 100% methanol for 30 minutes, dried and the radioactivity 

was determined both by autoradiography and by using a Packard Instant Imager. 
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3.3 RESULTS 

The plasmid pCEP4 (Invitrogen) was used to generate the stable cell lines. In 

addition to the genes needed for replication and ampicillin selection in E. coli, this 

plasmid also contains the human cytomegalovirus (CMV) immediate-early gene 

enhancer-promoter and a gene encoding hygromycin B resistance. The CMV gene 

allows constitutive expression in a variety of mammalian cell lines and the hygromycin B 

resistance gene allows for the selection of cells that have incorporated the plasmid DNA. 

In addition, both pCEP4 and the HEK — EBNA cells (Invitrogen) contain portions of the 

Epstein Barr Nuclear Antigen -I. As opposed to traditional cell lines in which the 

plasmids encoding the proteins of interest are incorporated into the genomic DNA, the 

Epstein Barr Nuclear Antigen —1 allows for high copy episomal replication. 

The stable transfectants were developed as described in "Experimental Procedures." 

To screen the hygromycin resistant colonies for the expression of the FPA or FPB receptor 

isoforms, two strategies were used. First, for cells expressing the FPA receptor, 

immunofluorescence microscopy was performed using an antibody selective for the 

divergent portion of the carboxyl terminus of the FPA isoform. Figure 3.1 shows 

examples of the immunoreactivity obtained with this antibody on cells that were either 

untransfected or on cells that arose from one of the hygromycin resistant colonies. As 

expected,^ there was very little immunoreactivity obtained with the untransfected cells 

while there was very strong immunoreactivity obtained with the cells transfected with the 

FPA receptor. The low level of immunoreactivity obtained with the untransfected cells 
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Untransfected FPA Transfected 

Figure 3.1 FPA Receptor Immuaoreactivity Obtained with Untransfected Cells or 

Cells Transfected with the FPA Receptor Isoform. Untransfected ceils (left panel) 

or FPA transfected cells (right panel) were grown on coverslips and paraformaldehyde 

fixed as described in "Experimental Procedures". The fixed cells were incubated with 

an antibody specific for the carboxyl terminus of the FPA receptor isoform followed by 

incubation with a fluorescein isothiocyante (FITC) - conjugated secondary antibody. 

Epifluorescence microscopy was performed using an Olympus BH-2 microscope with a 

60X oil objective through a FITC filter cube. 
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Figure 3.2 PGFza- Stimulated Inositol Phosphate Production in the Hygromycin 

B Resistant Colonies Transfected mth Either the FPA or FPB Receptor Isoforms. 

Hygromycin resistant colonies from the HEK cells that had been transfected with 

either the FPA or FPB receptor isoforms were expanded and assayed for the level of 

PGFza stimulated inositol phosphate production. The assays were performed as 

described in "Experimental Procedures". For the PGF2ct stimulation, the clones were 

treated with 1 |aM PGF2a for one hour. Panel A shows the data obtained with the 

hygromycin resistant clones diat had been transfected with the FPA receptor, while 

panel B shows the data obtained with the hygromycin resistant clones that had been 

transfected with the FPB receptor isoform. The data are presented as fold stimulation 

over basal, with the basal determined for each clone individually. Each bar represents 

one experiment performed in duplicate. Several experiments have been performed 

with untransfected HEK cells, and there were no differences in inositol phosphate 

production between unstimulated and stimulated cells. 
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suggests that there is only a small amount, if any, of the FPA receptor protein 

expressed endogenously in the EIEK cells. Secondly, since all of the FPA transfected 

cells show a iiigh degree of immunoreactivity, this suggests that all of the cells in the 

hygromycin B resistant colony express the FPA prostanoid receptor to a similar extent. 

Since the FPA receptor antibody recognizes only the divergent portion of the FPA 

receptor, immunofluorescence microscopy could not be used to analyze the levels of 

expression of the FPB receptor in the stable transfectants. 

Therefore, to determine whether the transfection of the FPB receptor had been 

successful and to determine the relative level of receptor expression among the 

hygromycin resistant colonies selected, inositol phosphate assays were performed. For 

these assays, cells from each of the hygromycin resistant colonies were either untreated, 

or treated with 1 nM PCF^a for 1 hour. The results of the inositol phosphate assays are 

shown in figure 3.2 panels A and B. From the plate of HEK cells that had been 

transfected with the FPA receptor, eight hygromycin resistant colonies were expanded and 

analyzed for PGFaa stimulated phosphatidylinositol hydrolysis. For cells transfected with 

the FPa receptor isoform, seven hygromycin resistant colonies were expanded and 

analyzed. Of the clones selected, PGFia stimulation led to an increase in total inositol 

phosphates for all but one of the clones (FPa #6). In general, PGF2a stimulation of the 

clones transfected with the FPA receptor led to a higher level of inositol phosphate 

production than did PGFia stimulation of clones transfected with the FPa receptor, fii 

several experiments performed with, untransfected PTEK cells, there were no differences 

in the levels of inositol phosphate production in unstimulated cells or in cells that had 
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Figure 3.3 Radioligand Binding to Membranes Prepared from Cells Stably-
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been stimulated with PGF2a. To characterize the second messenger coupling of the cells 

expressing the FPA and FPB receptor, two clones (FPA#6 and FPB#7) that expressed a 

similar fold increase in PGF20 stimulated inositol phosphate production were used. 

To determine whether there were any differences in the binding of PGF2a to the 

FPA or FPB receptor isoforms, and to determine the relative level of receptor expression 

in the transfected cell lines, radioligand binding competition experiments were performed 

using [^H]PGF2a as the radioligand. For these experiments, crude membranes were 

prepared and the ability of unlabeled PGF2a to compete for [^H]PGF2a binding was 

determined. The Cheng-Prusoff conversion (37) was used to estimate the levels of 

receptor expression for the clones. Figure 3.3 shows the results of one experiment in 

which crude membranes were prepared from a cell line that had been transfected with the 

FPA isoform and one that had been transfected with the FPB isoform. In both cases, 

unlabeled PGFia was able to compete for [^HlPGFja with similar EC50s -30 - 100 nM. 

The Cheng-Pruschoff conversion suggests that these two cell lines expressed 

approximately 3 -12 pmol of receptor per milligram of total protein. Experiments 

performed simultaneously demonstrated that unlabelled PGF2a did not 

compete for [^H]PGF2a binding to membranes prepared from untransfected cells (data not 

shown), confirming that the FP receptor protein is expressed at low level, if at all in the 

wild type HEK cells. In addition, these results confirm that the two cell lines that were 

chosen for the second messenger studies express very similar levels of the receptor 

isoforms. 
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Figure 3.4 PGF^a- Stimulated Inositol Phosphate Accumulatioa in GEEK Cells 

Stably Expressing Either the FP^ (•) or FPB (A) Prostanoid Receptor Isoforms. 

Data are normalized to the basal level of inositol phosphate accumulation in the 

unstimulated cells for each isoform. These data are the mean of one experiment 

performed in duplicate. These experiments have been repeated three additional times 

with similar results. 
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Figure 3.5 PGF2a Stimulation of latracelluiar Calcium Release in HEK Cells 

Stably Expressing the FPA (•) or FPB (•) Prostanoid Receptor Isoforms. The 

data are the mean of two independent experiments, in one experiment only a single 

measurement was made for each concentration of PGF2a, while in the other, duplicate 

measurements were made. 
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Although we had determined that activation of either the FPA or the FPB receptor 

isoforms could lead to inositol phosphate production, we wanted to know whether there 

were any differences between the isoforms in the ECsoS for inositol phosphate production 

or for the stimulation of intracellular calcimn release. Figure 3.4 shows the dose response 

curve for PGF2a stimulation of inositol phosphate production. Experiments were 

performed as described in "Experimental Procedures". For cells expressing either the 

FPA or FPB receptor isoform, PGF2a stimulated inositol phosphate production to the same 

maximum (-30 fold over basal) with similar ECSQS (19 oM for the FPA isoform, 11 nM 

for the FPB isoform). In multiple experiments performed with cells expressing either the 

FPA or FPa receptor isoforms, there were no differences in the basal level of inositol 

phosphate production. To determine whether the PGF2(i stimulated inositol phosphate 

production was pertussis toxin sensitive, cells were pretreated with 100 ng/ ml pertussis 

toxin for 16 hours, and PGF2a stimulation of inositol phosphate production was 

determined. For both the FPA and FPB receptor isoforms, there were no differences in the 

dose response curves between cells that had been pretreated with pertussis toxin and 

those that had not been pretreated (data not shown). 

For the intracellular calcium measurements, cells were loaded with. 1 [iM Fura2 and 

the PGF2a stimulated change in intracellular calcium was determined using a 

fluorescence spectrophotometer. Figure 3.5 shows the results from the intraceEular 

calcium measurements with the data presented, as the mean from two separate 

experiments. Although PGFja stimulation of cells expressing either the FPA or FPB 

receptor isoforms led to an increase in intracellular calcium, the magnitude of the 
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Figures 3.6 Effects of PGF2a on Basal and Isopreterenol Stimulated cAMF 

Productioii in fiEEK Cells Stably Expressing the FPA and FPB Receptor Isoforms. 

Panel A shows the results of an experiment performed on HEK. cells expressing the 

FPA receptor isoform and panel B shows the results of an experiment performed on 

HEEC cells expressing the ETB receptor isoform. For both ceU lines, the cells were 

either unstimulated (basal), stimulated with 1 {oM PGF2a alone (PGF2a), stimulated 

with 1 [iM isopreterenol or stimulated with 1 jjM PGF2a and 1 (xM isopreterenol. 

These data are the mean of one experiment performed in triplicate, but the experiment 

has been replicated with similar results. 
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maximal response was higher for cells expressing the FPA receptor isoform than for cells 

expressing the FPB receptor isoform (110 nM for the FPA, 80 nM for the FPB). In 

addition, the EC50S for the stimulation of intracellular calcium differed between the cell 

lines expressing the FPA and FPB receptor isoforms. The EC50 for cells expressing the 

FPA receptor isoform was 25 tiM, while for cells expressing the FPB receptor isoform, the 

EC50 was 100 nM. Thus, unlike the inositol phosphate experiments in which the ECsos 

for the FPA and FPB receptor isoform were very similar, in the intracellular calcium 

experiments, the dose response curve for cells expressing the FPa receptor isoform was 

shifted to the right by -75 nM. 

To examine the possibility that the FTA and FPB receptor isoforms might couple 

to additional second messenger pathways beyond the stimulation of phosphatidylinositol 

hydrolysis and the release of intracellular calcium, we examined the potential coupling to 

stimulation and inhibition of cAMP formation. To examine whether either of the 

isoforms could stimulate cAMP formation, cells expressing each isoform were stimulated 

with 1 PGFia for 15 minutes. Inhibition of cAMP formation was measured by 

comparing the levels of cAMP obtained in cells stimulated with isopreterenol 

alone,which increases cAMP through actions on endogenous (3-adrenergic receptors, to 

the levels of cAMP obtained in cells stimulated with both PGF2a and isopreterenol. As 

shown in figure 3.6, for both isoforms there was a low level of basal cAMP formation 

that was unaffected by the addition of PGF2a- Likewise, isoproterenol stimulation alone 

led to a slight increase in the basal levels of cAMP but this, too, was unaffected by the 
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addition of PGF2a. These data suggest that neither the FPA nor the FPB receptor iso forms 

are coupled to cAMP regulated pathways. 

To examine other siganaling pathways that might be differentially regulated by 

the FPA and FPB receptor isoforms, we examined the ability of both the FPA and FPB 

receptor isoforms to couple to the ERK-1 and ERK-2 MAP kinases and to the c-jun 

protein kinase (JNK) pathway. Figure 3.7 shows the result of one MAPK experiment that 

was performed as described in "Experimental Procedures." Untransfected cells, cells 

expressing the FPA receptor isoform, and cells expressing the FPB receptor isoform were 

stimulated with 1 |xM PGF^a for 5 minutes, cell lysates were prepared, and ERK-1 and 

ERK-2 were immunoprecipitated with antibodies selective for each kinase. The activities 

of the kinases were measured by the incorporation of ^"P into an exogenous substrate, 

epidermal growth factor receptor peptide (EGFR-p). There was an increase in ^"P 

incorporation into EGFR-p when cells expressing the FPA or FPB receptor isoforms, but 

not untransfected cells, were stimulated with PGFIQ.. In this experiment, PGF2a 

stimulation led to an ~3 fold stimulation of MAPK activity in ceUs expressing the FPA 

receptor isoform, and an ~5 fold stimulation of MAPK activity in cells expressing the 

FPB receptor isoforms. Further experiments will need to be performed in order to 

determine whether the differences observed in this experiment are due to experimental 

variabflity or whether they reflect differences in the coupling of the FPA and FPB receptor 

isoforms to the MAPK pathways. 

To measure JNK activity, cells were stimulated with 1 |JM PGF2a for the 

indicated times, cell lysates were prepared, and a GST-c-jun fusion protein was used both. 
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to separate the kinase from the other proteins in the cell lysates and as the substrate for 

the kinase reaction. As shown in figure 3.8, cells expressing both the FPA, and FPB 

receptor were able to stimulate JNK activity approximately 2-fold over basal. For cells 

expressing both the FPA and FPB receptor isoforms, increased JNK activity was evident 

by five minutes. The activity peaked for the FPA receptor isoform after 30 minutes, while 

for the FPB receptor isoform, the activity was highest after a 15 minute incubation with 

PGF2a- Interestingly, for the cells expressing the FPA receptor isoform, the JNK activity 

remained high in cells treated with PGF2a for one hour, but in cells expressing the FPB 

receptor isoform that were treated with PGFia for one hour, there was little, if any 

stimulation of JNK activity over basal. 



83 

5n 

4-

3-

2 -

1 -

0 
Basal FPA #6 FPB#7 HEK 

Figure 3.7 PGFia Stimulated MAP Kinase Activity in Untransfected HEK Cells 

and in HEK Cells Stably Expressing the FPA and FPB Prostanoid Receptor 

Isoforms. Cells were stimulated with PGFia for five miautes, cell lysates were 

prepared, ERK-l and ERK-2 were immunoprecipitated and ^"P incorporation into 

EGFR-p determined as described in "Experimental Procedures". Data are expressed 

as the fold stimulation over basal, with each cell line normalized to its own basal. 
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Figure 3.8 PGF2a Stimulation of JNK Activity in HEK Cells Stably Expressing 

the FPA and FPB Prostanoid Receptor Isoforms. This figure shows an 

autoradiograph of a 10% SDS-PAGE gel on which the products of a JNK reaction had 

been electrophoresed as described in "Experimental Procedures." This figure shows 

one experiment, but the experiment has been repeated twice with similar results. 
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3.4 DISCUSSION 

In order to examine the functional coupling of the FP receptor isoforms to second 

messenger pathways, we generated HEK cells that stably expressed the FPA or FPB 

receptor isoforms. These cell lines were first characterized, and then used in a variety of 

biochemical assays to determine whether there were any differences between the 

isoforms in functional coupling and to gain greater understanding into the second 

messenger pathways activated by PGF2ct. 

To make the stable cell luies, we used a variant of the HEK 293 cell line which 

expresses the Epstein Barr Nuclear Antigen - 1 (EBNA -I). This cell line, when used in 

combination with the pCEP4 plasmid, which also expresses EBNA -1, allows for high 

copy episomal expression of the proteins of interest. This system was chosen because 

previous attempts in our laboratory to make FP receptor stable cell lines using 

conventional strategies had failed. Additionally, this system attracted us because it 

allows high level constitutive expression of the cDNAs of interest, expression that is not 

regulated by the host cell's transcriptional machinery to the same extent that traditional 

stable cell lines are. That is, in traditional stable cell lines, the plasmids encoding the 

cDNAs of interest are incorporated into the genome of the host cell line, and the site of 

incorporation can have large consequences on the level of expression of the cDNAs. For 

instance, if the plasmid is incorporated near a transcriptional repressor, the repressor 

might limit the expression of the cDNA of interest. 
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Once the stable cell lines were generated, they were initially characterized using 

immunofluorescence microscopy and single point inositol phosphate assays. Since the 

only available antibodies selective for the FP prostanoid receptor recognize the divergent 

portion of the FPA receptor carboxyl terminus, the immunofluorescence microscopy was 

useful only for determining the expression of the FPA receptor isoform and not 

expression of the FPB receptor isoform. Therefore, we needed another assay to identify 

clones that expressed the FPg receptor isoform and to compare the relative expression 

levels between the cell lines expressing the FPA and FPB receptor isoforms. We knew 

from our initial studies in COS-7 cells (see chapter 2) that both receptor isoforms could 

couple to phosphatidylinositol hydrolysis so that single point inositol phosphate assays 

were used to analyze the clones for receptor expression (Figure 3.2). The inositol 

phosphate assays were also used to identify an FPA and FPB receptor cell line that showed 

the same level of PGF2a stimulated inositol phosphate accumulation, suggesting that the 

cell lines might express similar levels of receptor. 

To confirm that the inositol phosphate assays accurately identified cell lines that 

expressed the same level of receptor, we characterized two of these cell lines using 

radioligand binding. The radioligand binding studies were also used to determine 

whether there might be any differences in agonist binding to the receptor isoforms. Since, 

for the EP3 and TP receptor isoforms, no differences have been identified in the binding 

of the endogenous ligands to the receptors, we were not expecting to see any differences 

in the binding characteristics of the two FP receptor isoforms. These expectations were 

bome out by the radioKgand binding studies, which, also confirmed that we had identified 
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an FPA receptor cell line and an FPB receptor cell line that expressed similar levels of 

receptor. 

Next, we wanted to examine the functional coupling of the FP receptor isoforms 

in depth. Since differences have been found among the EP3 and TP receptor isoforms in 

their coupling to second messenger pathways, we were expecting similar results with the 

FP receptor isoforms. For the EP3 and TP receptors, differences have been found in the 

second messenger pathways that are activated by the isoforms and in constitutive activity. 

In addition, some of the receptor isoforms can activate multiple second messenger 

pathways. For example, while both of the TP receptor isoforms are coupled to 

phosphatidyluiositol hydrolysis, the TPa receptor isoform is also coupled to stimulation 

of adenylyl cyclase, and the TPp receptor is coupled to inhibition of adenylyl cyclase 

(24). In addition to determining whether the FP receptor isoforms might also couple to 

additional second messenger pathways, we also wanted to determine whether the ET'p 

receptor isoform exhibited agonist independent constitutive activity. We hypothesized 

that this would be the case for two reasons. First, some of the EP3 receptor isoforms, and 

a mutant form of the EP3 receptor that had been truncated at the splice site in the carboxyl 

terminus, were aU active in the absence of agonist. Since the FPB receptor isoform 

continues for only one amino acid beyond the splice site and therefore shares stmctural 

similarity to the EP3 receptor truncation mutant, we thought that it might show agonist 

independent constitutive activity. This idea was further supported, by our initial 

experiments with COS-7 cells transiently expressing the FP receptor isoforms, in which 

the basal level of inositol phosphate accumulation was 130% higher for the FPA than for 
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the FPB isoform even though radioligand binding studies suggested that the ETA receptor 

was expressed at higher levels. 

To test our hypotheses, we characterized the coupling of the FP receptor isoforms 

to stimulation of inositol phosphate accumulation, intracellular calcium release and 

stimulation and inhibition of cAMP formation. While the coupling of the FP receptor 

isoforms to inositol phosphate accumulation was indistinguishable (figure 3.4), the 

isoforms did seem to vary in the stimulation of intracellular calcium release. That is, for 

the FPA receptor isoform, the dose response curve for the release of intracellular calcium 

was shifted to the left (EC50 of 25 nM for the FPA, 100 nM for the FPB) and reached a 

greater maximum (~120 nM for the FPA> ~95 nM for the FPB) as compared to the dose 

response curve for the FPB receptor isoform. The reasons for these differences are 

unknown, but could either represent differences between the Isoforms at the level of the 

receptor for inositol triphosphate or differences fiirther downstream in the signaling 

cascade. 

While both of the receptor isoforms coupled to phosphatidylinositol hydrolysis 

and intracellular calcium release, neither of the receptor isoforms exhibited agonist 

independent constitutive activity. This was unexpected, since in COS-7 cells transiently 

expressing the receptor isoforms, there was a higher level of inositol phosphate 

acciunulation in cells expressing the FPB isoform than in cells expressing the FPA 

receptor isoform. One potential explanation for this is that the cell type may be an 

important determinant in the second messenger coupling. Perhaps there are proteins that 

are differentially expressed in the COS-7 cells and HEK cells that could regulate the 
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second messenger coupling of the FP receptor isoforms. Proteins that potentially could 

be differentially expressed include receptor kinases or RGS proteins (regulators of 

heterotrimeric G-proteins). 

Since the TP receptor isoforms not only couple to phosphatidylinositol hydrolysis, 

but also to stimulation or inhibition of adenylyl cyclase formation, we thought that the FP 

receptor isoforms might also couple to a cyclase dependent pathway. However, in 

experiments designed to examine both stimulation and inhibition of adenylyl cyclase, 

neither the FPA nor the FPB receptor isoform coupled to changes m adenylyl cyclase 

(Figure 3.6). Thus, these data taken together with the data from the inositol phosphate 

assays and the intracellular calcium recordings suggest tiiat the ET receptor couples to the 

G-protein Gq, but not to Gs or Gi. Thus unlike the EP3 and TP receptor isoforms, the 

distal portions of the carboxyl termini of the FP receptor isoforms do not seem to be the 

sole determinants of the G-proteins with which the receptors interact. 

To determine whether there might be differences between the isoforms in 

activating additional effectors, we examined the ability of the FPA and FPB receptor 

isoforms to activate the MAPK and JNK pathways. Both the FPA and FPB receptor 

isoforms were able to activate the MAPK pathways, although it appeared that the 

magnitude of the response in the cells expressing the FPB receptor was slightly higher 

than the magnitude of the response in cells expressing the FPA receptor. PGF^a - induced 

activation of the MAPK pathway has previously been shown to mediate contraction of 

pregnant rat uteri (45), activation that was suggested to occur via a pertussis toxin 

sensitive pathway that may have involved the G-protein Py subunits. However, in NIH 
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3T3 cells, cells that express an endogenous FP receptor, activation of the MAP knase 

cascade was demonstrated to occur via a Gq dependent pathway (65). This is similar to 

the pathway that has been shown to be involved in both a|-adrenergic receptor and ml 

muscarinic acetylcholine receptor mediated activation of the MAP kinase cascade (for 

review see 64). Although untested, since the FP receptor stable transfectants couple to 

the G protein Gq and do not seem to couple to pertussis toxin sensitive G-proteins, it is 

most likely that the MAPK activation seen in these experiments is dependent on Gq. 

The JNK pathway is a cascade that can activated independently of the MAP 

kinase cascade, and may be important in the activation of some of the small molecular 

weight GTPases including rho, rac, and cdc42. Many G-protein coupled receptors, 

including the bombesin receptor and the angiotensin II receptor have been shown to 

activate the JNK pathway. However, FP receptor mediated activation of this pathway 

had not been previously demonstrated. Thus, kinase assays were used to determine 

whether stimulation of either or both of the FP receptor isoforms could activate the JNK 

cascade. Stimulation of HEK cells expressing either of the receptor isoforms led to a 

modest (~2 fold) stimulation of JNK. Although modest, these levels of stimulation are 

similar to the levels obtained with carbachol stimulation of ml muscarinic acetylcholine 

receptors stably expressed in Rat la fibroblasts (35). In these cells, the activation of JNK 

was shown to be calcium dependent. Since activation of the FP receptor isoforms in the 

HEK cells also leads to an increase in intracellidar calcium, activation of JNK in these 

cells may be at least partially calcium-dependent. 
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Thus, in this chapter, we have examined the second messenger pathways activated 

by the FP receptor isofcrms. We have shovm that both of the FP receptor isoforms share 

similar coupling to the pathways activated by the G-protein Gq, and that the FP receptor 

isoforms do not seem to regulate cAMP levels. Also, we have demonstrated that 

activation of either of the receptor isoforms leads to increased activity of both the MAPK 

and JNK pathways. 

Although no differences in the coupling of the receptor isoforms to second 

messenger pathways have been identified, it is possible that there may be other 

differences between the receptor isoforms. Other differences that rem.ain to be tested are 

differences in the ability of the receptor isoforms to desensitize, and potential differences 

in the distribution of the receptor isoforms. Even though these studies did not reveal 

identify differences between the receptor isoforms in their coupling to second messenger 

pathways, these studies have stiE given us a greater understanding of the functional 

coupling of both of the receptor isoforms. Greater understanding that may lead to a better 

understanding of the physiological fimctions of the FP receptor isoforms. 
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CHAPTER 4 

FP RECEPTOR MEDIATED CHANGES IN CELL MORPHOLOGY 

AND IN THE CELL CYTOSKELETON 

4.1 INTRODUCTIOiV 

For many years it has been known that activation of G-protein coupled receptors 

could lead to changes in cell shape. A classic example of this is in platelets in which 

activation of a number of G-protein coupled receptors, including the thromboxane and 

thrombin receptors, leads to platelet aggregation. Another example in which G-protein 

coupled receptors have been shown to mediate changes in the cell cytoskeleton is in 

smooth muscle cells. For these cells, agom'sts of receptors including the ai-adrenergic 

receptor lead to smooth muscle contraction. More recently, in our laboratory, we have 

shown that activation of a?- adrenergic receptors in primary cultures of rat aortic smooth 

muscle cells stimulates cell migration and leads to a decrease in the amount of 

filamentous actin labeling (54). 

Among the most well characterized changes in the cell cytoskeleton are the 

fomiation of lamellopodia, or cell ruffles, the formation of filipodia, or finger-like 
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projections emanating from the cell body and the formation of actin stress fibers. G-

protein coupled receptors have been implicated in all tliree of these cell phenotypes. For 

instance, activation of the bombesin receptor can lead to the formation of both filopodia 

and lamellopodia, while activation of the lysophosphatidic acid (LPA) receptor can lead 

to formation of actin stress fibers (for review see 67). In addition to involving 

heterotrimeric G-proteins, the pathways leading to all of these phenotypes are believed to 

involve members of the small GTP binding proteins (small G-proteins) including rho, rac 

and cdc42. Activation of cdc42 has been implicated in formation of filopodia, rac in the 

activation of lamellopodia, and rho in the formation of actin stress fibers (44). The 

formation of these phenotypes is illustrated in figure 4.1. Among the prostanoid 

receptors, activation of some of the isoforms of the EP3 receptors can lead to cytoskeletal 

changes in PC-12 cells (22,28). PC-12 cells are transformed cells diat were derived from 

a pheochromocytoma and express some neuronal characteristics. For instance, when 

differentiated with nerve growth factor, neurites are formed. Activation of the EP3 

receptor isoforms stably expressed in PC-12 cells leads to the retraction of the neurites, a 

process that like the formation of stress fibers is dependent on activation of rho. 

Much of the attention in trying to understand the signal transduction processes 

underlying G-protein coupled receptor mediated changes in ceE shape have focused on 

lysophosphatidic acid (LP A). LPA mediated activation of its receptor, the LPA receptor, 

leads to the formation of focal adhesions and 
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Figure 4.1 Model Demonstrating the Small G-Proteins Involved in the 

Formation of Filopodia, Lamellopodia, and Actin Stress Fibers by Stimulation of 

G-Protein Coupled Receptors. Activation of Heterotrimeric G-protein coupled 

receptors has been implicated in the formation of all of these cytoskeletal structures, 

though different small G-proteins have been implicated in the formation of each of 

these structures. Specifically, activation of cdc42 has been implicated in the formation 

of filipodia, rac in the formation of lamellopodia, and rho in the formation of actin 

stress fibers. Although these pathways are shown independently, there is evidence of 

cross talk between the small G-proteins (44,45). 
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actin stress fibers, processes mediated by the small GTPase protein rho (55). Focal 

adhesions are points on the cell membrane composed of cell adhesion molecules, 

including integrins, cytoskeletal proteins, including actin, myosin and talin, and signaling 

proteins including the focal adhesion kinase pi25 FAK. These focal adhesions serve as 

anchoring points for actin stress fibers and as anchoring points for the cell to adhere to 

the extracellular matrix. 

During studies of the functional coupling of the FPA and FPB receptor isoforms 

stably expressed in HEK ceils, we noticed that long term stimulation of the receptors with 

PGFia led to changes in the cell morphology. Specifically, the cells lost their cellular 

projections and the junctions between the cells became less distinct. Thus, the purposes 

of the smdies that will be presented in this chapter are to gain an understanding into the 

mechanisms underlying the FP mediated changes in cell morphology. 
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4.2 EXPERIMENTAL PROCEDURES 

4.2.1 Phase Contrast Microscopy 

For the phase contrast studies and the experiments with the inhibitors, tlEK-

EBNA cells stably expressing the FPA or FPB receptor isoforms (see chapter 3 for the 

development of the stable transfectants) were plated in 12 well tissue culture dishes 

(Falcon) under subconfluent conditions (~25,000 cells/ well). The cells were grown for 

two days in DMEM containing 10% fetal bovine serum, 250 (ig/ ml geneticin (Life 

Technologies), 200 i-ig/ ml hygromycin B (Boerhinger Marmheim), and 200 fig/ ml 

gentamicin (Life Technologies) without any changes of the media. The appropriate 

concentration of inhibitors and PGF2a (Cayman) and the incubation times are indicated in 

the figure legends. Live experiments were performed with cells plated in 60 mm dishes 

and warmed using a heated stage (Brook Instruments). For the imaging, cells were 

visualized under phase contrast microscopy using an Olympus CK2 microscope. Digital 

images were obtained using a Cohu high performance CCD camera, and processed using 

IP Spectnun software (Signal Analytics). 

4.2.2 Phalloidiii Staining 

Cells were groAvn for two days on 22 mm round glass coverslips (VWR) under 

subconfluent conditions. After the appropriate treatment, they were fixed for 15 minutes 

in freshly made 4% paraformaldehyde in 1 X PBS, quenched three times for 10 minutes 
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in O.l M glycine, pH 7.4, and permeabilized for 15 minutes in 2 X SSC (30 mM NaCl, 

300 mM sodium citrate) containing 0,1% (v/v) Triton X-lOO (Biorad). Cells were 

preincubated in bloclcing buffer (2 X SSC, 0.05% Triton X-lOO, 2% goat serum, 1% 

bovine serum albumin, 0.01% sodium azide) for 30 minutes. The cells were then 

incubated with 0.1 U Texas Red Isothiocyanate (TRITC)- conjugated phalloidin 

(Molecular Probes) in blocking buffer at room temperature for one hour. The cells were 

briefly washed in 1 X PBS and mounted using p-phenylene diamine. The cells were 

viewed using either indirect immunofluorescence microscopy with an Olympus BH-2 

microscope with a 60X oil objective through a TRITC filter cube or with laser confocal 

microscopy. 

4.2.3 Immunoprecipitation 

CeUs were plated in 6 well plates (Falcon) and grown to confluence. They were 

serum starved for two days in DMEM containing antibiotics. After the cells had been 

treated for the appropriate times with PGF2a, they were washed once with room 

temperature 1 X PBS, and 200 (il of lysis buffer containing 10 mM Tris pH 7.4, 5 mM 

EDTA, pH 8.0, 50 mM NaCl, 1% Triton X-100 (v/v), 50 mM NaF, 0.2 mg/ ml aprotinin, 

2 mM Na3V04, and I mM PMSF was added. The cell lysates were transferred to 

microcentrifuge tubes, and the insoluble material was pelleted by centrifugation (10 

minutes, 4'^C, 12000 rpm). Protein contents were normalized and the maximimi amount 

of protein was used in a 300 |il volume. For the inmixmoprecipitation, 3 |JI (1:100 
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dilution, 0.2 mg/ ml stock) of rabbit polyclonal anti-FAK antibody (C-20, Santa Cruz 

Biotechnology) was added and the lysates were rotated for 1.5 hr at 4°C. Ten i^I of a 1:1 

slurry of protein A agarose (Sigma) were added and the lysates were rotated for an 

additional hour at 4°C. Next, the beads were washed twice with I ml of buffer containing 

10 mM PIPES, pH 7.0, 100 mM NaCl, 0.2 mg/ ml aprotinin, and 0.5% (v/v) nonidet P-

40) and once with the above buffer without added nonidet P-40. Five )j.l of 4 X Laemmli 

sample buffer was added the samples were frozen at -20°C if they were not 

electrophoresed immediately. 

4.2.4 Western Blotting 

For the Western blots, cells were grown in 6 well plates until confluent, treated 

with 1 (xM PGFaa and scraped into 100 jxl of 1 x Laemmli sample buffer, sonicated with a 

probe sonicator for approximately 30 seconds, boiled for 5 minutes, chilled on ice and 20 

|j.l of each sample was loaded on a 7 X 8.4 cm 10% SDS- PAGE gel. Alternatively, the 

samples from the immunoprecipitation reactions were boiled for 5 — 10 minutes, chilled 

on ice, centrifiiged briefly and the entire samples were loaded on a 7 X 8.4 cm 7.5% SDS 

-PAGE gels. The samples were electrophoresed, and the proteins on the gel were 

transferred to 0.45 micron supported nitrocellulose. The buffer for the transfer contained 

25 mM Tris, 200 mM glycine, and 20% (v/v) methanol. The proteins on the gel were 

transferred for 2 hoiu:^ at ~100 volts. The nitrocellulose was sealed in a bag, and blocked 

for 16 to 36 hours at 4°C. For the anti-phosphotyrosine antibody, the samples were 
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blocked in 5 ml of 1 X Tris buffered saline (TBS, 10 mM Tris, pH 7.5, 100 mM NaCl) 

containing 0.1% (v/v) Tween-20 (TBS-T) (Biorad) and 3% (w/v) bovine serum albumin 

(BSA). For the samples that were to be incubated with the anti-paxillin antibody, the 

samples were blocked in TBS-T containing 5% (w/ v) powdered non-fat milk. Either a 

1:1,000 dilution of a monoclonal anti-phosphotyrosine specific antibody (PY-ZO, 

Transduction Labs) or a 1:10,000 dilution of a monoclonal anti-paxillin specific antibody 

(Transduction Labs) was added to the blots, and the blots were rotated at room 

temperature for 1 hour. The blots were then washed ~5 times for ~5 minutes each in 20 

ml of TBS-T. The blots were again placed in bags, and 5 ml of TBS-T containing a 

1:1,000 to a 1:10,000 dilution of a goat anti-mouse peroxidase conjugated secondary 

antibody (Jackson Laboratories) were added. The blots were rotated for an hour, and 

washed ~5 times for ~5 minutes each in 20 ml of TBS-T. The immunoreactivity was 

detected using SuperSignal enhanced chemiluminescence detection (Pierce) and the 

samples exposed to autoradiography film for the required time. 
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4.3 RESULTS 

To characterize the ability of PGFia to stimulate changes in cell morphology, 

untransfected cells and cells stably expressing the FPA and FPB prostanoid receptor 

isoforms were plated at low density (~25,000 cells/ well of a 12 well dish), grown for two 

to three days, and treated with 1 |aM PGFia overnight. The results of one experiment are 

shown in figure 4.2, but the experiment has been repeated three times with similar results. 

In cells expressing the FPA or FPg receptor isoforms, PGFaa caused the cells to lose their 

projections and the cell boundaries became less distinct. However, PGFia had no effect 

on the cell morphology of untransfected cells. Experiments have been performed with 

cells that were grown in serum free media for 16 hours prior and throughout the 

experiment with similar results. 

Since we had determined that the cell morphology changed in cells which 

expressed either the FPA or the FPB receptor isoforms but not in untransfected cells, we 

wanted to characterize the dose dependency of the changes. Figure 4.3 shows one 

experiment that has been repeated two additional times in which cells expressing the FPA 

receptor isofbrm were treated with the indicated concentrations of PGF2a overnight and 

then imaged. Similar experiments have been performed with cells expressing the FPa 

receptor isoform with indistinguishable results. As compared to untreated cells, the cell 

morphology in cells treated with 10"' M PGFia is unchanged. However, in cells treated 

with 10"® M PGF2a, the cells began to lose their projections, to clump, and the cell 

boundaries became less distinct. There appeared very little differences between the cells 
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Figure 4.2 PGF^a - Induced Changes in Ceil Morplioiogy in Ceils Stably 

Expressing the FPA Receptor Isoform, the FPB Receptor Isoform or in 

Untransfected Cells. Cells were plated at very low density (25,000 cells/ well of a 12 

well dish) grown for two to three days, and treated overnight with 1 [iM PGFia-

Images were captured as described in "Experimental Procedures." The panels on the 

left show untreated cells, while the panels on the right show cells that were treated 

with PGFaa- The top row of cells shows ceUs transfected with the FPA. receptor 

isoform, the middle row shows cells transfected with the FPB receptor isoform, and the 

bottom row shows untransfected cells. 
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Figure 4.3 Dose Dependency of the PGF2a- Induced Changes In the Cell 

Morphology in H£K Cells Stably Expressing the FPA Receptor Isoform. Cells 

were plated as described in "Experimental Procedures", grown for two to three days, 

and treated overnight with the indicated concentrations of PGF2a. This experiment has 

been repeated two additional times and has been performed with imtransfected HEK 

cells and with cells expressing the FPB receptor isoform. 
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treated with 10'^ M PGF2a and the cells treated with 10'^ M PGFict suggesting that the 

changes in the cell morphology were nearly complete at 10'^ M PGFza- Thus, for most of 

the subsequent experiments 10"^ M PGFja was used. 

Once we had determined that the changes in the cell morphology occurred in a 

dose dependent manner, we wanted to examine the time course for the changes. For 

these experiments, cells were maintained at 37°C on a heated stage, and pictures taken 

every 1 minute (data not shown). From these experiments, changes in the cell 

morphology were apparent within five minutes, but the most rapid changes occurred 

approximately 15 — 20 minutes after the addition of PGFia- The effects, however, were 

not complete until approximately 1 -2 hours after treatment began. 

To determine whether the changes in the cell morphology were reversible or not, 

we treated the cells with 100 oM PGFza for 24 hours, changed the media twice to remove 

any traces of agonist, and incubated the cells for an additional 72 hours. The reversibility 

was assessed by comparing these cells to untreated cells and to cells treated with PGF2a 

continuously. Figure 4.4 shows the images collected 24 hours after the removal of 

PGF^A. For both the FPA. and FPB receptor transfected cells, continuous treatment with 

PGF2a maintained the changes in cell morphology. However, for cells expressing the 

FPA receptor isoform, the phenotype of the cells that were treated with PGFia for 24 

hours and allowed to recover for 48 hours resembled the phenotype of the untreated cells. 

However, for ceUs expressing the FPB receptor isoform, the phenotype of the cells that 

were treated for 24 hours and allowed to recover for 24 hours was more similar to the 

phenotype of the cells treated continuously than to the phenotype of the untreated cells. 
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Figure 4.4 Reversibility of the PGFia - Induced Changes in Ceil Morphoiogy in 

Ceils Stabiy Expressing the FPA and FPB Receptor Isoforms. Cells were plated in 

12 well plates at a density of 25,000 cells/ well and grown for two days. The cells 

were either untreated, treated with 100 oM PGFia for 24 hours and then allowed to 

recover, or treated continuously with ICQ nM PGFia- In all cases, after 24 hours, the 

media was removed and the cells were washed twice with fresh media to remove all 

traces of drug, and fresh PGFza was added to the continuously treated cells. The 

panels on the left show cells expressing the FPA receptor and the panels on the right 

show cells expressing the FPB receptor. The top row shows untreated cells, the second 

row shows cells that were treated with PGFaa and allowed to recover for 24 hours, and 

the bottom row shows cells that were treated continuously with PGF2a-
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By 72 hours, however, the phenotype of the cells treated for 24 hours began to resemble 

the phenotype of the untreated cells. 

To begin to elucitdate the signal transduction pathways leading from activation of 

the FPA or FPB receptor isofonn to the changes in the cell morphology, we used a series 

of inhibitors of pathways known to be involved in changes in cell morphology. Figure 

4.5 shows the result of experiments in which the cells were pretreated with 500 ng/ ml of 

pertussis toxin (Sigma) for 16 hours, pretreated with 50 ixM genistein (Calbiochem), a 

non-specific tyrosine kinase inhbitor, or with 1 (iM Wortmannin (Sigma) a 

phosphoinositide-3-kinase inhibitor, for 15 minutes, and then 100 nM or 1 PGFia 

was added to the cells and the cells were incubated for two hours. In addition, as a 

control, cells were treated with the indicated concentration of inhibitors alone throughout 

the experiments. The panels on the left side of the figure show the cells after treatment 

with inhibitors alone, while the panels on the right show the cells following pretreatment 

with the inhibitor and a two hour treatment with PGF^ci- None of these inhibitors had any 

effect alone nor did they prevent the PGFza induced changes in the cell morphology, 

suggesting that the changes seen maybe independent of the pathways targeted by these 

inhibitors. 

Calcium is one of the second messengers that is increased by the stimulation of 

the FP receptor isoforms stably expressed in HEK cells. It has also been implicated in 

changes in cell morphology. To determine whether changes in calcium are involved in 

the changes in the ceE morphology, we used 1 mM EGTA (Sigma) to chelate 

extracellular calcium, 2.5 jxM BAPTA (BAPTA-AM, Molecular Probes) to chelate 
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Figure 4.5 Effect of Inhibitors on the PGFia- Mediated Changes in Cell 

Morphology in Ceils Expressing the FPA Receptor Isoform. Cells were pretreated 

with 50 {iM genistein (Calbiochem), 1 Wortmannin (Sigma) for 15 minutes before 

the addition of 100 oM PGF^a- For the pertussis toxin treatment, cells were pretreated 

overnight with 500 ng/ mi of pertussis toxin (Sigma) and then 1 jiM PGFza was added. 

The cells were incubated for 2-4 hours and then images were collected. The left panel 

shows cells that were treated with the inhibitor alone, while the right panels show the 

cells that were treated with both the inhibitor and with PGFia. The top row of cells 

was treated with genistein, the middle row with, wortmannin and the bottom row with 

pertussis toxin. Abbreviation: PTX = pertussis toxin. 
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intracellular calcium, and the calcium ionophore A23187 (2.5 fxM, Molecular Probes) to 

increase the levels of intracellular calcium. FDEK cells stably expressing the FPA and FPB 

receptor iso forms were pretreated with these compounds for 15 minutes, and then 100 

nM PGF2a was added and the cells were incubated for an additional two hours. Figure 

4.6 shows the result of one experiment performed with cells stably expressing the FPA 

receptor isoform, but the experiment has been repeated and has been performed with cells 

expressing the FPB receptor isoform. At these doses, none of the drugs alone had any 

effect on the cell morphology and none prevented the PGF2a induced changes in the cell 

morphology. However, BAPTA alone, when used at 50 |JM was toxic to the cells (data 

not shown). Interestingly, though the addition of PGFia seemed to modulated the toxicity 

of the BAPTA. 

Another pathway that PGF2a is known to activate that can affect cell morphology 

is the protein kinase C pathway. To test the involvement of this pathway in the PGF2a 

mediated changes in the cell morphology, cells were treated either with PGF2a or with 12, 

13 phorbol myristate acetate (PMA, Life Technologies), a direct activator of protein 

kinase C. As shown in figure 4.7, in cells expressing the FPA receptor isoform, PMA 

treatment led to changes in the cell cytoskeleton that were similar to the changes induced 

by PGFja- However, the addition of Bisindolymaleimide I (2.5 pM, Calbiochem), a cell 

permeable inhibitor of PKC, prevented the PMA induced changes in the cell morphology, 

but had no effects on the changes induced by PGF2a- This suggests that the pathways 

leading from the FP receptor or from PMA to the changes in the cell morphology may not 

be the same. 
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Figure 4.6 Effect of BAPTA, EGTA, and A23187 on the PGFja- Mediated 

Changes in Ceil Morphoiogy in Cells Expressing the FPA Receptor Isoform. Cells 

were pretreated with 2.5 ^.M BAPTA (Molecular Probes), 1 mM EGTA (Sigma), or 

2.5 |iM A23187 (Molecular Probes) for 15 minutes before the addition of lOO oM 

PGFia- The cells were incubated for 2-4 hours and then images were collected- The 

left panels show cells that were treated with the inhibitor alone, while the right panels 

show the cells that were treated with both the inhibitor and with PGFio- The top row 

of cells was treated with BAPTA, the middle row with EGTA and the bottom row 

with A23187. 
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Figure 4.7 Effect of Bisinodolymaleimide I on PGFia— and PMA- Induced 

Changes in Ceil Morpliology. Cells were pretreated with 2.5 {oM 

Bisindolymaleimide I (Calbiochem), before the addition of 100 oM PGFia or 100 nM 

PMA (Life Technologies). The cells were incubated for 2-4 hours and then images 

were collected. The top left panel shows cells that were treated with the 

bisindolymaleimide alone, the top right panels shows cells that were treated with both 

the bisindolymaleimide and with PGF2a, the bottom left shows cells treated with PMA 

alone, and the bottom right shows cells treated with both bisindolymaleimide and 

PMA. Abbreviation: bis = bisindolymaleimide I 
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To try to understand the underlying changes in the cytoskeleton that might be 

occurring in the stable transfectants after treatment with PGF2a, untreated cells and cells 

that had been treated overnight with 1 |aM PGFia were labeled with TRITC-phalloidin 

(Molecular Probes). As shown in figure 4.8, in cells expressing both the FPA and the FPB 

receptor isoforms, there is very diffuse labeling in the unstimulated cells with the 

exception of very small projections with more concentrated labeling. In the cells that 

were treated overnight, however, the small projections are absent, and actin stress fibers 

have formed in some of the cells (indicated by the arrows). 

The phalloidin data suggested that stimulation of the cells with PGFia might be 

leading to the formation of focal adhesions. One of the markers for the formation of 

focal adhesions is an increase in tyrosine phosphorylation of pi25 FAK (focal adhesion 

kinase). As shown in figure 5.9, to determine whether agonist stimulation was increasing 

the tyrosine phosphorylation of p 125 FABC, cells were either untreated or treated with 1 

liM PGFja for 2 minutes, 5 minutes, 15 minutes or 30 minutes, or 2 hours, the cells 

lysed, and the pl25 FAK immunoprecipitated using selective antibodies. The samples 

were eiectrophoresed, the proteins transferred to nitrocellulose, and the Western blot 

probed with a monoclonal antibody specific for phosphotyrosines. Figure 4.9 shows the 

resxilt of one experiment performed with, cells expressing the FPa receptor isoform, but 

the experiment has been repeated and has been performed twice with, cells expressing the 

FPA receptor isoform. In the unstimulated ceils and in cells stimulated widi PGF2a, there 
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Figure 4.8 Phailoidin Labeling of FPA and FPB Transfected Ceils. Cells 

expressing the FPA and FPB receptor isoforms were grown on coverslips for two days, 

and then either untreated or treated overnight with 1 joM PGF2A- The cells were fixed, 

and labeled with O.I LT TRTTC-phalloidin as described in "Experimental Procedures." 

The panels on the left show untreated cells, and the panels on the right show cells that 

were treated with PGFia- The top row of cells shows FPA transfected and the bottom 

row shows FPB transfected cells. 
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Figure 4.9 PGF2a Stimulated Tyrosine Phosphorylation of pl25 FAK in Cells 

Stably Expressing the FPg Receptor Isoform. Serum starved cells were stimulated 

with I [iM PGFja for the indicated times, and the immunoprecipitation and Western 

blotting performed as described in "Experimental Procedures." The experiment has 

been repeated and has been performed twice with cells expressing the FPA receptor 

isoform. 
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is no detectable tyrosine phosphorylation of pI25 FAK. After 5 minutes of treatment 

with PGFia, however, tyrosine phosphorylation is evident and reaches a maximum after 

~15 minutes. In separate experiments, the level of FAK phosphorylation remained high 

even after six hours of stimulation. 

Beyond the formation of actin stress fibers and focal adhesions, an additional 

possibility is that the addition of PGFia to the stable transfectants was causing the 

differentiation of the cells into an endothelial phenotype. One of the markers that has 

been shown to change in this simation is that the level of expression of paxillin, another 

protein found in focal adhesions, has been shown to increase (31). To test this 

possibility, cells expressing the FPA receptor isofbrm were stimulated with PGFaa for the 

indicated times, the cells lysed, the lysates electrophoresed and transferred to 

nitrocellulose. The nitrocellulose was then probed with an antibody selective for paxillin. 

As shown in figure 4.10, as compared to unstimulated cells, stimulation of the cells with 

1 laM PGFia for times ranging from 2 minutes to 20 hours had no effect on the level of 

paxillin protein expressed in the cells. 
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Figure 4.10 Western Blot of FPA Transfected Ceils Probed vvitii an Antibody 

Specific for Paxillin. Cells were plated in 6 well plates, grown until confluent and 

stimulated with 1 jj-M PGF2a for the indicated times. The Western blotting was 

perfomied as described in "Experimental Procedures." 
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4.4 DISCUSSION 

In this chapter, we have presented evidence that the FPA and FPB receptor 

isoforms are coupled to changes in cell morphology, formation of actin stress fibers, and 

tyrosine phosphorylation of p 125 FAK. Although other G-protein coupled receptors have 

been shown to couple to changes in the cell cytoskeleton, this is the first report of FP 

receptor mediated changes in the cell cj^oskeleton. 

For all of the experiments presented in this chapter, the cells were allowed to 

grow for two to three days without media changes because it takes a few days for the 

cellular projections to form. There are several possible reasons for the delay in the 

formation of the projections. One possible explanation is that the cells do not adhere well 

to the plastic on the tissue culture dishes, so that it may take two to three days for the 

cells to become attached. It is also possible that the serum in the media contains a factor 

that suppresses the formation of the projections (such as LP A), and it is not until this is 

depleted that the projections form. Alternatively, the media could become "conditioned" 

by a factor secreted by the cells, and this factor could be responsible for the formation of 

the arms. One final possibility is that the projections are more likely to form as the media 

becomes more acidic. The acidified media might change the intracellular pH which 

could activate effectors responsible for the formation of the arms. 

After addition of PGFaa to the stable cell lines expressing either the FPA or FPB 

receptor isoforms, diere is a rapid change in the cell morphology as demonstrated in 

figure 4.2. The ceUs rapidly lose their projections, clump, and the cell boundaries 
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become less distinct. These changes are apparent within five minutes of the addition of 

PGF^a but are not complete until approximately one hour after treatment. Although at 

these early time points, we have examined only the changes in the cell morphology and 

not the changes in actin stress fibers, it is likely that the stress fibers are formed at 

approximately the same rate. This time course is consistent with the time course of the 

formation of actin stress fibers induced by fetal calf serum in Swiss 3T3 fibroblasts (55). 

In the Swiss 3T3 cells, actin, stress fibers were apparent within 2 minutes after the 

addition of 0.2% fetal calf serum and were prominent within ten minutes. In these 

studies, LPA was identified as the factor in the calf serum responsible for the formation 

of the stress fibers. 

Interestingly, one difference between our results and the results with LPA in the 

Swiss 3T3 fibroblasts is that the changes in the actin cytoskeleton induced by LPA are 

transient, whereas the changes induced by PGF2a are longer lasting. That is, within 16 

hours after the addition of the fetal calf serum, the LPA induced stress fibers have 

disappeared. However, in the HEK cells, die stress fibers are still apparent 16 hours after 

treatment with PGF2a (figure 4.8), and the changes in the cell morphology are maintained 

up to 72 hoiurs after the addition of PGFaa (figure 4.4). One possible explanation for this 

difference is that LPA may be more rapidly metabolized than PGFia-

To characterize the FP receptor mediated changes in the cell cytoskeleton, we 

examined the dose response relationship for the changes in the cell morphology. As 

shown in figure 4.3 and as reported in the results, the changes in the cell morphology are 

apparent after the addition of 10"^ M PGF20 and 10"^ M PGF2a is almost maximally 
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stimulating. This dose response is similar to the dose response obtained for both the 

stimulation of inositol phosphate accumulation and the release of intracellular calcium, 

consistent with activation of the FP receptor isoforms. 

During the characterization of the changes in the cell morphology, we noticed that 

there were differences between the FPA and FPB receptor isoforms in the time course for 

the reversal of the changes in the cell morphology. For both the FPA and FPB receptor 

isoforms, cells were stimulated with 10'^ M PGF2a for 24 hours, and then allowed to 

recover for up to 72 hours. Twenty-four hours after the removal of drug, the changes in 

cell morphology in cells expressing the FPA receptor had almost completely reversed, 

while for cells expressing the FPB receptor, the phenotype had not reversed. It was not 

until 72 hours after the removal of drug, that the phenotype of the cells expressing the 

FPB receptor had begun to reverse. One possible explanation for the differences in the 

reversal is that there are differences in the ability of the receptor isoforms to switch from 

the active to the inactive conformation. This might be due to differences in the rates of 

dissociation of PGF2a, to differences in the ability of the receptor isoforms to desensitize 

or to differences in the receptor G-protein coupling. Further experimentation will be 

needed to determine which of these possibilities is occurring. 

Once we had characterized, the changes in the cell morphology we were interested, 

in using inhibitors to try to elucidate the signal transduction pathways leading from the 

FP receptor isoforms to the changes in the cell morphology. Initially, we used, pertussis 

toxin to determine whether the changes in. the cell morphology were mediatedL via a 

pertussis toxin sensitive G-protein (G{, Go). As shown in figure 4.5, pertussis toxin had 
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no effect on the PGF2a- mduced changes in the cell morpholog>' suggesting that the 

changes are mediated by a pertussis toxin insensitive G-protein (Gq or G12, G13), by a Gpy 

dependent pathway, or by an uncharacterized G-protein independent pathway. 

To tr>' to determine whether the G-protein Gq is involved in the FP receptor 

mediated changes in cell morphology, we used a series of inhibitors and activators of 

downstream targets of Gq. As we demonstrated in chapter 3, stimulation of the HEK 

cells stably transfected with the FP receptor isoforms led to an increase in inositol 

phosphates and in intracellular calcium. To test the potential involvement of calcium in 

the changes in cell morphology, cells expressing the FPA and FPB receptor isoforms were 

pretreated with BAPTA, which chelates intracellular calcium, EGTA, which chelates 

extracellular calcium, and A23187, the calcium ionophore, which increases the 

concentration of intracellular calcium. As shoAvn in figure 4.6, none of these compounds 

had any effect on PGFia stimulation of the changes in cell morphology. 

In addition to the increase in intracellular calcium, PGF2a is known to stimulate 

inositol phosphate accimiulation, which in tum leads to activation of protein kinase C 

(PKC). In order to determine the role of these effectors in the changes in the cell 

morphology, inhibitors and activators of the PKC pathway were utilized. As shown in 

figure 4.7, like PGF^a, PMA, a direct activator of PKC, led to changes in cell 

morphology. However, unlike PGF2a, the effects of PMA could be blocked by the PKC-

specific inhibitor bisindolymaleimide L This suggests that although both PMA and 

PGFia can induce changes in the cell morphology, they may be acting via separate 

pathways. 
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In Swiss 3T3 cells, addition of the tyrosine kinase inhibitor genistein blocks the 

LPA-induced formation of actin stress fibers (44). However, in the HEK cells stably 

expressing the FPA and FPB receptor isoforms, doses of up to 50 |iM genistein had no 

effect on the changes in. the cell morphology (see figure 4.5). Although this was 

smprising to us, there are several possible explanations for this. One explanation is that 

the concentrations of genistein used were not enough to sufficiently block tyrosine 

phosphorylation. However, it is also quite possible that the changes in the cell 

morphology are independent of tyrosine kinases. 

If the FP receptor mediated changes in the cell morphology are independent of 

tyrosine kinases, this suggests that tyrosine phosphorylation of pi25 FAK is not 

necessary for the formation of focal adhesions. A number of lines of evidence suggest 

that this is the case. Among the most convincing is that in fibroblast - like cells derived 

firom mice in which p 125 FAK had been knocked out, focal adhesions were still present 

(26). It is believed that instead of regulating the formation of focal adhesions, pi 25 FAK 

may have roles both in signaling (though the downstream effectors have not been 

characterized), and in turnover of the focal adhesions. Thus, tyrosine phosphorylation of 

FAK is believed to occur as a result of the formation of focal adhesions, and is not 

believed to be the signal for the formation of focal adhesions. Thus, the tyrosine 

phosphorylation of FAK in cells stimulated with POFja (see figure 4.9), and the lack of 

an effect of genistein on the PGFia induced changes in the cell morphology are consistent 

with FAKphosphoylation being a late step in the regulation of focal adhesions. 
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Beyond stimulating the formation of actin stress fibers and focal adhesions, an 

additional possibility is that activation of the FP receptor isoforms stably expressed in the 

HEK cells may lead to differentiation of the cells. A precedent for this is the 

sphingosine-l-phosphate induced differentiation of FIEK ceils stably expressing the G-

protein coupled receptor endothelial differentiation gene -1 (EDG-l) (31). Activation of 

this receptor induced a phenotypic change in the HEK cells that is very similar to the 

changes induced by PGFia. In addition to changing the cell morphology, long-term 

treatment of the cells expressing EDG-I increased the level of expression of two 

integrins, P-cadherin, and E-cadherin, and seemed to increase the levels of expression of 

paxillin. To test whether the FP receptor was activating the same program of cell 

differentiation as EDG-l, cells were stimulated with PGFia for varying lengths of time, 

and paxillin expression determined using Western blotting. As shown in figure 4.10, 

unlike for the EDG-l receptor, FP receptor stimulation had no effect on paxillin 

expression, suggesting that the FP receptor was not stimulating the same pattern of 

differentiation that the EDG-l protein was. To confirm this, the PGF2a induced levels of 

E-Cadherin and P-Cadherin were also assessed and found not to change (data not shown). 

Thus, if stimulation of the FP prostanoid receptor does lead to differentiation, it is 

probably not by the same pathway activated, by EDG-l. 

Although the FP receptor does not seem to activate the same pathway that EDG-l 

activates, the data presented are consistent with changes in cell morphology induced, by 

other G-protein coupled receptors. Specifically the FP receptor mediated changes are 

very similar to changes seen with the thrombin receptor endogenously expressed in. 
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1321N astrocytoma cells (33). In these cells, activation of the thrombin receptor leads to 

cell rounding and to the reversal of stellation. Like the PGF2a mediated changes in cell 

morphology, the thrombin mediated changes are mediated by a pertussis toxin insensitive 

pathway and seem to be independent of increases in intracellular calcium and of protein 

kinase C activation. Like the FP receptor mediated changes in cell morphology, the 

thrombin mediated changes are also insensitive to tyrosine kinase inhibition and to 

wortmarmin inhibition. Although none of these inhibitors appear to be important in the 

thrombin mediated changes in cell morphology, it appears that the small G-protein rho is 

involved. Specifically, the thrombin mediated changes in the cell cytoskeleton could be 

blocked by the addition of a Clostridium Botulinum toxin, C3 exoenzyme. This toxin 

inactivates rho by ADP-ribosylating it. Experiments are currently underway to determine 

if the FP receptor mediated changes in cell morphology and in die cell cytoskeleton are 

dependent upon rho activation. 

The most attractive pathway leading firom the receptor to the formation of actin 

stress fibers is shown in figure 4.LL In this pathway, activation of the ET receptor is 

shown to couple to the pertussis toxin, insensitive G-proteins, Gau and Gan (for review 

see 13). Microinjection of constitutively active mutants of Gai2 and Gai3 leads to rho 

dependent formation of actin stress fibers (9), and Gan has been shown to be responsible 

for die LP A. mediated formation of actin stress fibers in Swiss 3T3 cells (16). Since the 

pathway leading fiom 
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Figure 4.11 Model Showing the Pathway Leading from Activation of G-Protein 

Coupled Receptors to the Formation of Actin Stress Fibers, Focal Adhesions, 

and pl25 FAK Autophosphorylation. Abbreviations: GPCR= G-protein coupled 

receptorMLC = myosin light chain, ERM = proteins of the ezsrin, radixia, moiesin 

family. 
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Gat3, but not from Gai2, has been shown to involve tyrosine phosphorylation, it is more 

likely that the FP receptor is coupled to the G-protein Ga^ than to Gan. The steps 

leading from Ga^ to Ga^ have not been fully characterized but may involve an RGS 

protein (20,55). 

From rho, the pathway leading to the formation of actin stress fibers and focal 

adhesions is believed to bifurcate (for review, see 18). In one pathway, rho activates a 

serine/ threonine protein kinase pi60 ROCK (62) which phosphorylates both myosin 

light chain and myosin light chain phosphatase. The phosphorylation of these two 

proteins leads to actin-myosin bundling. Concomitantly, proteins of the ezrin, radixin, 

moeisin (ERM) family are activated. These proteins contain an actin binding domain and 

are believed to anchor the actin stress fibers to the membrane. Activation of the ERM 

proteins in turn leads to integrin clustering which in turn leads to the formation of the 

focal adhesions and autophosphorylation of p 125 FAK. 

To date, we have demonstrated that stimulation of the FP receptor isoforms stably 

expressed in HEK cells leads to changes in the cell morphology. These changes in cell 

morphology are accompanied by the formation of actin stress fibers and by the tyrosine 

phosphorylation of p 125 FAK. Although it remains to be demonstrated, the FP receptor 

mediated changes are consistent with the activation of a small G-protein, most likely rho, 

and. these experiments are currently underway. 
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND FUTURE STUDIES 

5.1 SUMMARY AND CONCLUSIONS 

In this dissertation, I have reported the cloning of a novel isoform of the ovine FP 

receptor, now known as the FPB receptor, with the original FP receptor now called the 

FPA receptor isoform. The divergent portions of the FP receptor isoforms differ both in 

length and in content. Whereas the FPA receptor isoform continues for 46 amino acids 

beyond the splice site and contains many potential sites for serine/ threonine 

phosphorylation, the FPB receptor isoform continues for only one amino acid beyond the 

splice site. Thus, the FPB receptor isoform is essentially a truncated form of the FPA 

receptor isoform. 

Both the FPA and FPB receptor isoforms were cloned from an ovine corpus luteum 

library. We chose to screen this library for two reasons. First, the FPA receptor isoform 

was expressed at extremely high levels in this tissue, so that we thought that if isoforms 

existed, the chances were high that mRNA might be expressed in the ovine corpus 

luteum. Second, the ovine corpus luteum is a tissue in which PGFsa is known to have 
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important physiological functions. Specifically, PGFia is responsible for initiating 

luteolysis also known as regression of the corpus luteum in the absence of pregnancy. 

Thus, we thought that identifying an isoform of the FP receptor might lead to insight into 

the physiological roles of PGFza in the corpus luteum. 

As part of the characterization of the FP receptor isoforms, we were interested in 

the molecular mechanisms underlying the generation of the isoforms. Put another way, 

we wanted to know the structure of the FP receptor gene in the region from which the 

isoforms arise. Using a PGR strategy, we determined that the FP receptor isoforms are 

alternative splice variants that arise through the differential use of intron-exon 

boundaries. That is, the FPA receptor isoform arises by the failure to utilize a potential 

splice site, a pattern of gene expression known as the retained intron pattern. In the 

generation of the ETB receptor isoform, a 3.2 kilobase pair intron is spliced out. Overall, 

it appears that the FP receptor gene contains at least two introns. The first of these 

introns is in the sixth transmembrane domain, and this intron is conserved in all of the 

prostanoid receptor genes. The second intron is located at a site corresponding to nine 

amino acids into the carboxyl terminus of the FP receptor isoform. The intron-exon 

boundary at this site is either utilized which leads to the splicing of a 3.2 kilobase pair 

intron and the formation of the FPB receptor isoform, or this boundary is ignored, which 

leads to the formation of the mRNA encoding the FPA receptor isoform. 

In our initial characterization of the FP receptor alternative splice variants, we 

knew that both could couple to inositol phosphate accumulation, and it appeared that in 

COS-7 cells transiently expressing the FP receptor isoforms, the FPB receptor isoform 
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had a higher basal level of inositol phosphate accumulation. This suggested that the FPB 

receptor isoform was constitutively active. To further characterize the signal transduction 

pathways activated by the FPA and FPB receptor isoforms and to determine whether the 

FPB receptor was constitutively active, HEK cells were stably transfected with the FPA 

and FPB receptor isoforms. Once the level of receptor expression had been determined, 

biochemical assays were used to examine the flmctional coupling of the receptor 

isoforms. Specifically, it was determined that both the FPA and FPB receptor isoforms 

coupled to stimulation of intracellular calcium release, inositol phosphate accumulation 

and to stimulation of MAP kinase activity. Unlike in the COS-7 cells, in the KEK stable 

cell lines, neither the FPA nor the FPB receptor isoforms showed agonist independent 

constitutive activity. Additionally, using these cell lines, it was determined that unlike 

the TP prostanoid receptor isoforms which are coupled to both phosphatidylinositol 

hydrolysis and to adenylyl cyclase, neither of the FP receptor isoforms were coupled to 

pathways involving adenylyl cyclase. Finally, we were able to demonstrate that both the 

FP receptor isoforms coupled to stimulation of the c-jun kinase (JNBC) pathway, a signal 

transduction pathway which had not previously been described for either of these 

receptor isoforms. 

During the characterization of the signal transduction pathways activated by the 

FPA and FPB receptor isoforms, we noticed that activation of either of these isoforms led 

to changes in cell morpholep. These changes were rapid (beginning within ~2-5 

minutes after the addition of agonist) and dose dependent. In addition, it was determined 

that these changes could be reversed within. 24 hours in cells expressing the FPA receptor 
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isoform, but not for cells expressing the FPB receptor isoform. In addition to 

characterizing the changes in the cell morphology, we were also able to characterize 

changes in the cell cytoskeleton. Specifically, using phalloidin we were able to 

determine that activation of the FP receptor isoforms led to the formation of actin stress 

fibers. Finally, we observed that FP receptor activation led to an increase in the tyrosine 

phosphorylation of pl25 FAK, phosphorylation which is implicated in the regulation of 

focal adhesions. 

In order to begin to gain an understanding into the pathway leading from the 

receptor isoforms to the changes in the cell morphology, we performed studies using 

inhibitors. These inhibitors either inhibited pathways known to be involved in FP 

receptor second messenger coupling or pathways known to be involved in receptor 

mediated changes in the cell cytoskeleton. Using these inhibitors, we determined that the 

pathways leading to the changes in the cell cytoskeleton did not involve pertussis toxin 

sensitive G-proteins, did not involve wortmannin sensitive phosphatidylinositol-3-kinase 

pathways, or gem'stein sensitive tyrosine kinase pathways. Interestingly, we detennined 

that like PGFja, PMA (a direct activator of PKC) led to changes in the cell morphology. 

However unlike PGFia, the effects of PMA could be blocked by a protein kinase C 

specific inhibitor whereas the PGFia- induced changes in the ceU cytoskeleton were 

insensitive to the same inhibitor. This suggests that the FP receptor mediated changes in 

die cell cytoskeleton are independent of PKC. 
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5.2 FUTURE STUDIES 

Although this work has given us a greater understanding into the intracellular 

signaling mediated by the FP receptor, many questions remain and the work has just 

begun. For instance, one of the questions that remains concerns the existence of 

additional FP receptor isoforms and whether isoforms of the FP prostanoid receptor are 

expressed in additional species beyond the sheep. One way to determine this will be to 

clone the ET receptor genes and to examine the gene structure for additional intron-exon 

boimdaries. Once the genes have been cloned and sequenced, reverse transcription/ PGR 

strategies can be used to determine the existence of additional isoforms of the ovine FP 

receptor and FP receptor isoforms in other species. 

To date, differences have not been found in the functional coupling of the FP 

receptor isoforms. However, differences were identified in the ability of the FP receptor 

isoforms to sustain the changes in cell morphology after the agonist had been removed. 

That is, after the removal of agonist the changes in the cell morphology were sustained 

for a much longer period in cells expressing the FPB receptor isofbrm than in cells 

expressing the FPA. receptor isoform. The underlying reasons for these differences have 

not yet been determined. 

In addition to the differences in the reversibility of the changes in the cell 

morphology, it is likely that there are other differences between the FPA and FPB receptor 

isoforms. One potential difference is in the ability of the receptor isoforms to desensitize 

in response to long term agonist treatment. This is likely because differences in the 
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desensitization of the EP3 and TP receptor isoforms have been reported. It is well 

accepted that one of the initial steps in receptor desensitization is the phosphorylation of 

the receptor, often in the third intracellular loop and in the carboxyl terminus. Thus, 

based on the amino acid sequence of the FP receptor isoforms, it is more likely that the 

FPA receptor will desensitize in response to long term agonist treatment. This is more 

likely since the divergent portion of the FPA receptor isoform contains ten serines and 

threonines that are potential phosphorylation sites, while the divergent portion of the FPB 

receptor isoform contains none. 

Another exciting potential difference between the FP receptor isoforms comes 

from recent work being done with the both the (5 adrenergic receptor (19) and the m3 

muscarinic receptor (36). For both of these receptor subtypes, regions in. either the 

seventh transmembrane domain or in the carboxyl terminus have been shown to be 

important for coupling of the receptor to novel, G-protein independent effectors. 

Specifically, for the P adrenergic receptor, the last four amino acids have been shown to 

encode a PDZ binding domain which allows coupling of the receptor to a protein known 

as NERF (sodium/ proton exchange regulatory factor). NERF mediates the (3 adrenergic 

receptor control of salt and water balance in the kidney. In the case of the muscarinic 

receptor, a highly conserved sequence in the 7TM interacts with the small G-proteins 

ARF and rho, which in turn leads to stimulation of phospholipase D and could potentiaEy 

lead to changes in the cytoskeleton. Although the interaction of the carboxyl termini of 

the FP receptor isoforms with additional effectors has not been shown, it is an intriguing 
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possible explanation for the existence of the FP receptor isoforms as well as for the 

existence of the EP3 and TP receptor isoforms. 

One of the exciting findings of this work has been the FP receptor mediated 

changes in the cell morphology and in the cell cytoskeleton. While we have gained some 

insight into the mechanisms underlying these changes, we are just begirming to 

understand the pathways leading from the receptor to the formation of focal adhesions 

and stress fibers. Experiments are currently underway to determine whether rho mediates 

the signal from the FP receptor to the formation of the actin stress fibers, and to 

determine other effectors that may be activated by the FP receptor. 

The final goal of this research will be to relate the findings in the stable cell lines 

to the physiological functions of PGF2a. A particularly attractive tissue in which the FP 

receptor mediated changes in die cytoskeleton may be physiologically relevent is in the 

eye. Within the last few years, latanoprost, a highly efficacious FP receptor analog has 

been approved for use in glaucoma. Glaucoma is a condition of the eye in which 

intraocular pressure builds due to defects in the flow of aqueous humor and if untreated 

can lead to blindness. Although the mechanisms underlying the efficacy of latanoprost 

are unknown, it is believed that latanoprost may exert its effects by increasing the rate of 

aqueous humor outflow. One possible mechanism that could explain this increased rate of 

outflow is the contraction of cells lining the outflow chaimels. This contraction would, in 

turn increase the size of the outflow channels, thereby increasing the rate of outflow and 

lowering intraocular pressure. This is an exciting possibility, and if cytoskeletal changes 

are shown to be involved in decreasing intraocular pressure, this might provide additional 
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targets for the treatment of glaucoma, a disease which affects up to 3% of the population 

over 50. 
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