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ABSTRACT 

The EP1 prostanoid receptor is one of four subtypes whose cognate physiological ligand 

is PGE2. It is in the family of G-protein coupled receptors and is known to activate Ca2+ 

signaling, although it is unclear if this is mediated by coupling to Gq/11. Likewise little is 

known about other aspects of EP1 receptor signaling. In this dissertation, multiple novel 

signal transduction pathways have been identified and characterized following the 

activation of EP1 prostanoid receptors. 

 

To study EP1 receptor dependent gene regulation, HEK-293 cells stably expressing EP1 

receptor were created and cDNA microarray technology was applied using this cell line 

as a model. One of the genes that was most upregulated is Nurr1. Nurr1 is an orphan 

nuclear receptor which has been shown to regulate both cell survival and cell death. The 

upregulation of Nurr1 expression was confirmed by western blot analysis and could be 

blocked using a dominant negative mutant of CREB and by the NF-κB inhibitor, 

BAY11-7082. Futhermore, we found a cAMP independent activation of PKA by 

stimulation of HEK-hEP1 cells with PGE2, and these EP1 receptor mediated signalings 

are coupled to G13/Rho signaling pathway. Stimulation of endogenous EP1 receptors in 

human neuroblastoma cells recapitulated the upregulation of Nurr1 observed in HEK 

cells. These findings have potential significance for understanding the mechanisms of the 

EP1 receptor mediated neurotoxicity. 
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The other gene that was studied in this dissertation is HIF-1α, we have found that PGE2 

stimulation of the EP1 receptor upregulates the expression of HIF-1α which can be 

completely blocked by pertussis toxin, indicating coupling to Gi/o. This upregulation of 

HIF-1α occurs under normoxic conditions and could be inhibited with wortmannin, Akt 

inhibitor and rapamycin, suggesting the activation of a phosphoinositide-3 

kinase/Akt/mTOR signaling pathway. The upregulation of HIF-1α by the EP1 receptor 

involves increased translation. Stimulation of endogenous EP1 receptors in HepG2 cells 

recapitulated the normoxic upregulation of HIF-1α observed in HEK cells. HIF-1α is 

known to promote tumour growth and metastasis and is often upregulated in cancer. Our 

findings provide a potential mechanism by which increased PGE2 biosynthesis could 

upregulate the expression of HIF-1α and promote tumorigenesis. 	  
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CHAPTER ONE 

INTRODUCTION, PURPOSES AND AIMS 
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1.1 Introduction 

Prostanoids are composed of prostaglandin PGD2, PGE2, PGF2α, PGI2, and thromboxane 

A2, and are synthesized from arachidonic acid by sequential actions of cyclooxygenase 

(COX) and respective synthases (Figure 1.1). Arachidonic acid is the most abundant fatty 

acid among the precursor fatty acids in most mammals. It is esterified to the sn-2 position 

of glycerophospholipids in cell membranes and is liberated from the membrane 

phospholipids by the action of phospholipase A2 in response to various physiological or 

pathological stimuli [1]. The liberated arachidonic acid is metabolized by cyclooxygenase 

(COX) to PGH2, which is then converted to various PGs by the respective PG synthases 

(Figure 1.1). 

 

There are two isoforms of COX, respectively named COX-1 and COX-2. COX-1 is 

constitutively expressed in many tissues and COX-2 is induced by various inflammatory 

as well as other stimuli and is suppressed by glucocorticoids such as dexamethasone [2]. 

There are also two isoforms of PGE synthase, cytosolic PGE synthase (cPGES) is 

constitutively expressed and membrane-bound PGE synthase-1 (mPGES-1) is induced by 

various proinflammatory stimuli and suppressed by glucocorticoids [3].  Prostanoids are 

immediately released from the membrane after their synthesis. PGH2, PGI2, and TXA2 are 

chemically unstable; whereas the other PGs, although chemically stable can be rapidly 

metabolized [4]. 
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The physiological and pathophysiological roles of prostanoids include induction of the 

relaxation or contraction of various types of smooth muscle. Prostanoids can also 

modulate neuronal activity by inhibiting or stimulating neurotransmitter release or 

sensitizing sensory fibers to noxious stimuli. They exert central actions such as induction 

of fever or sleep. They can also regulate secretion and motility of the gastrointestinal tract 

as well as transport of ions and water in the kidney. They play roles in apoptosis, cell 

differentiation and oncogenesis and regulate the activity of blood platelets and contribute 

to vascular homeostasis [4]. Thus, prostanoids exert a wide variety of actions in various 

cells and tissues in the body. 

 

Nonsteroidal anti-inflammatory drugs (NSAIDs) block prostanoid synthesis by inhibiting 

COX. Numerous studies of COX inhibitors show roles in the treatment of fever, stress 

responses due to sickness and psychological stimuli, as well as other inflammatory 

stimuli including rheumatoid arthritis [5]. The major categories of NSAIDs are the non-

selective COX-1 and COX-2 inhibitors (e.g., aspirin, ibuprofen, etc) and the COX-2 

selective inhibitors (e.g., celecoxib, meloxicam, etc). 
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Figure 1.1 Schematic pathways of eicosanoid biosynthesis from arachidonic acid. 
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1.2 Prostanoid receptor subtypes 

Early in the mid-1960s, the roles of prostanoids were found to be associated with changes 

in the levels of intracellular second messengers such as cAMP, phosphoinositides, and 

Ca2+. In early 1970s the availability of radioisotopically labeled prostanoids allowed for 

demonstration that many tissues and cells possess specific binding sites for prostanoids 

[6]-[8]. The prostanoid receptors can be pharmacologically classified into those specific 

for TX, PGI, PGE, PGF, or PGD, designated TP, IP, EP, FP, and DP receptors, 

respectively. EP receptors can be further divided into four subtypes, EP1, EP2, EP3, and 

EP4 [9]. All these receptors are G protein-coupled, rhodopsin-type receptors with seven 

transmembrane domains [10]. 

 

The EP subtypes bind potently to PGE2 with Kd values in the range of 1-40 nM. General 

signaling characteristics of the EP receptors are summarized in Table 1.2.1 PGE2 binds to 

EP1 and EP2 with much lower affinity than EP3 and EP4. In humans, PGE2 binding 

affinities are EP3 (kd=0.3nM)> EP4 (kd=0.8nM) >EP2 (kd=4.9nM) > EP1 (kd = 9.1nM). 

In mice, PGE2 binding affinities are EP3 (kd= 0.9nM) > EP4 (kd= 1.9nM) > EP2 (kd= 

12nM) > EP1 (kd=20nM) [11]. 

 

Signal transduction pathways of EP receptors have been studied by examining agonist 

induced changes in second messengers such as cAMP, Ca2+ and inositol phosphates and 
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agonist-induced changes in activities of downstream kinases. The EP1 receptor increases 

the intracellular Ca2+ concentration in CHO cells, and has been denoted as a “contractile” 

receptors [12]; The EP2 and EP4 receptors couple to Gs and mediate increases in cAMP 

concentrations and have been designated “relaxant” receptors; The EP3 receptor can 

inhibit the adenylate cyclase via Gi and has been termed an “inhibitory” receptors. 

However, the EP receptors do not couple exclusively to the pathways described but are 

often coupled to more than one G protein (Table 1.2.2). 

 

One  interesting  aspect  of  the  EP2  and  EP4  receptors  is , that they apparently 

function  redundantly  in  some  processes.  For  example,  both  EP2  and  EP4 receptors  

mediate  induction  of  RANKL  through  cAMP  by PGE2 in osteoclastogenesis, 

although  the  extent  of  the  contribution  by  each  receptor may be  different [13].  On  

the  other  hand, there  are  processes  in which  EP2  and  EP4  play  different  roles. 

Some  of  these  may  be  due to cell selective  expression in  relevant  cells  such  as  the  

action  of  EP2  during  cumulus  expansion  in  ovulation  [15]  and fertilization  and  

that  of  EP4 in closure of the ductus arteriosus [16]. However, only EP4 regulates 

migration of dendritic cells in the mouse although both EP2 and EP4 are expressed in the 

cells [17]. This EP4- selective action  may  be related  to the  fact  that  EP4  but  not  EP2  

couples  to  PI3K, probably  via  Gi,  in  addition  to  activation  of  adenylate  cyclase 

[18] [19].  It  is  interesting  in  this  respect  that  EP4 is  also  implicated  in  cell  

migration  during  tumor  invasion [20]  for ductus  arteriousus  closure [21]  and  for  
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zabrafish astrulation [22]. 

 

Several variants of EP3 that are generated by alternative splicing of exons encoding the 

carboxyl-terminal tail were also identified. The three EP3 splice isoforms in mouse, α, β, 

and γ, contain carboxyl-terminal tails of 30, 26, or 29 amino acids, respectively, that do 

not share any structural motifs or hydrophobic features. These isoforms show similar 

ligand binding characteristics but distinct signal transduction properties and different 

sensitivities to agonist-induced desensitization, different extents of constitutive activity, 

different intracellular trafficking patterns, and different agonist induced internalization 

patterns. As shown in Table 1.2.2. 

 

Among the four EPs, EP3 and EP4 receptors are the most widely distributed with their 

mRNAs being expressed in almost all mouse tissues examined. In contrast, the 

distribution of EP1 mRNA is restricted to several organs, such as the kidney, lung, and 

stomach, and EP2 is the least abundant of the EP receptors. The knock-out mice study of 

the EP receptors in various kinds of animal models of human diseases revealed that 

prostanoids exert both pro-inflammatory and anti-inflammatory actions through 

regulation of gene expression in relevant tissues and that such actions are often seen in 

allergic and immune inflammations [35]. 
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Table 1.2.1 

 

 

 

 

Table 1.2.2 
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1.3 The EP1 prostanoid receptors 

The human EP1 prostanoid receptor was first cloned by C.D Funk in 1993. It was 

originally described as a smooth muscle constrictor and, consistent with this function, 

activation of the recombinant human EP1 receptor leads to signals via increased 

intercellular Ca2+. Structure-activity relationship studies of the EP1 receptor revealed 

several notable findings. One of the most sensitive positions for agonist-activity at the 

EP1 receptor is the hydroxyl group of PGE2 at the carbon 15 position. This is especially 

notable because conversion of PGE2 to the 15-keto derivative is one of the primary 

pathways of metabolic inactivation in vivo. Moreover, the EP1 receptor is more sensitive 

to 15 OH oxidation of PGE2 than the other EP receptors by 3- to 10 fold. This enhanced 

sensitivity of the EP1 receptor to the metabolism of PGE2 suggests that there may be 

differential inactivation of the signaling response at the EP receptor as a result. 

 

Although it is well established that the PGE2 stimulation of the EP1 receptor is linked to 

smooth muscle contraction and an increase in the concentration of free intracellular Ca2+, 

it does not appear to involve exclusive coupling of the EP1 receptor to Gq/11 and a typical 

activation of phospholipase-C (PLC) and phosphatidylinositol hydrolysis [23]. For 

example, in CHO stably transfected with the mouse EP1 receptor, sulprostone induced 

intracellular Ca2+ mobilization by two distinct pathways [24]. One pathway involved 

transient Ca2+ release from internal stores that could be blocked with the PLC inhibitor, 

U73122; and a second involved extracellular Ca2+ influx that was insensitive to inhibition 
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by U73122. Co-expression of the mouse EP1 receptor with a receptor-activated Ca2+ 

channel (TPR5) in Xenopus laevis oocytes also produced similar findings [25]. Thus, 

PGE2 stimulated an initial endogenous transient inward current, which could be inhibited 

with antisense mRNA to Gαq/11. This initial transient current was then followed by a 

large Ca2+-dependent inward current that was insensitive to inhibition by Gαq/11 antisense 

mRNA. Furthermore the stimulation of intracellular inositol phosphate formation by the 

recombinant mouse EP1 receptor stably expressed in CHO cells was found to be very 

modest, only ~1.2 fold [26]; Whereas, the stimulation of inositol phosphates formation by 

the mouse FP receptor, which is well known to be coupled to Gαq/11, approached 1.8 fold 

[30].  

 

Further work on the intracellular signaling properties of the EP1 prostanoid receptors is 

quite limited. Good evidence has been obtained showing that endogenous EP1 receptors 

in human extravillous trophoblasts activate intracellular Ca2+ signaling by a mechanism 

involving the activation of PLC [27]. Interestingly in this study the EP1 receptor 

mediated release of intracellular Ca2+ was primarily dependent on internal Ca2+ stores and 

not on extracellular Ca2+, which is in contrast to earlier findings with recombinant EP1 

receptors [26] and with endogenous EP1 receptors in guinea pig trachea [28] whose Ca2+ 

responses were almost entirely dependent upon extracellular Ca2+. Recent evidence from 

cultured mouse hippocampal slices has suggested that stimulation of endogenous EP1 

receptors can inhibit an Akt kinase signaling pathway that potentially contributes to 
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apoptotic neuronal cell death following oxygen/glucose deprivation [29]. The molecular 

mechanisms of this signaling, however, are unclear except that it appears to involve an 

EP1 receptor mediated decrease in the phosphorylation of the lipid phosphatase, PTEN. 

Phosphorylation of PTEN decreases its phosphatase activity, therefore, a decreased 

phosphorylation of PTEN is associated with increased phosphatase activity resulting in 

decreased levels of phosphatidylinositol-3,4,5-trisphosphate  and decreased 

phosphorylation and activation of Akt kinase.  
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1.4 Purpose and aims 

It is known that the activation of EP1 receptor results in the increase of intracellular Ca2+, 

but it is unknown which G protein it couples to, and little is known about the signal 

transduction activated by the EP1 receptor. The purpose of my study, therefore, was to 

characterize the signal transduction pathways activated by the EP1 receptor and to 

identify genes that are regulated by this receptor. The following aims summarize my 

dissertation research. 

AIM 1: Generation and characterization of HEK293 EBNA cells expressing human 

EP1 receptors. 

AIM 2: Identification of genes regulated by the activation of EP1 prostanoid 

receptor utilizing cDNA affymetrix microarray technology. 

AIM 3:  Characterization of the signaling pathways involved in the regulation of 

Nurr1 (NR4A2) expression by the activation of the EP1 prostanoid receptors. 

AIM 4:  Characterization of the signaling pathways involved in the regulation of 

HIF-1α expression by the activation of EP1 prostanoid receptors. 
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CHAPTER TWO 

GENERATION AND CHARACTERIZATION OF HEK 293 EBNA CELLS 
EXPRESSING HUMAN EP1 RECEPTORS 
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2.1 Introduction 

The human EP1 prostanoid receptor is ubiquitously expressed in different human organs 

including brain, liver, kidney, skin, etc [31]-[34]. To further study the unique functional 

and signal transduction pathways mediated by EP1 receptor, we utilized a human cell 

system which did not endogenously express any of the prostanoid receptors, thus 

allowing for examination of the unique signaling and gene regulation of the EP1 receptor. 

HEK 293 EBNA cells stably expressing the EP1 receptor were generated by cloning the 

EP1 receptor cDNAs into the pCEP4 plasmid vector. Following transfection of the 

plasmids into HEK293 EBNA cells, clones were characterized using radioligand binding, 

cAMP and inositol triphosphate assays to ensure the clones behaved similarly in regards 

to PGE2 binding and G-protein coupling as has previously established both in this 

laboratory and in other published studies. Following the creation of the stable clones, I 

utilized this cell line to study the signal transduction and gene regulation of the EP1 

receptor. 

 

2.2 Experimental Procedures 

Materials. Dulbecco’s modified Eagle’s medium (DMEM), Opti-MEM, hygromycin B, 

geneticin, gentamicin, pcDNA3, pCEP4 and HEK293-EBNA cells were from Invitrogen 

(Carlsbad, CA). Qiagen quick gel purification kit was from Qiagen (Venlo, The 

Netherlands). T4 DNA ligase was from New England Biolabs (Ipswich, Massachusetts). 

Fugene 6 transfection reagent was from Roche Diagnostics (Indianapolis, IA). [3H]PGE2, 
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cAMP and [3H]myo-inositol are from Amersham/GE healthcare (Buckinghamshire, 

England). PGE2 is from Cayman Chemical. Safety-Solve is from Research Products 

International (Mt. Prospect, Illinois). Protein kinase A, 3-isobutyl-1-methylxanthine 

(IBMX) and cAMP are from Sigma (St. Louis, MO). 

 

Cell culture and generation of stable EP1 transfectants. A cell line stably expressing 

the recombinant human EP1 prostanoid receptor was generated using human embryonic 

kidney (HEK) cells expressing the Epstein Barr nuclear antigen (EBNA). Briefly, the 

polymerase chain reaction (PCR) was used to amplify a product from human kidney 

cDNA containing the coding sequence (nucleotides 1-1209) of the human EP1 receptor 

[120], which was then cloned into the EcoRV site of the expression vector, pcDNA3, to 

generate hEP1/pcDNA3. hEP1/pcDNA3 was digested with HindIII and XhoI and the 

small fragment containing the EP1 coding sequence was cloned into the corresponding 

sites of the vector, pCEP4, to yield hEP1/pCEP4. HEK-EBNA cells were transfected 

with hEP1/pCEP4 using calcium phosphate precipitation and were selected by resistance 

to hygromycin B. Clones were obtained by limiting dilution. Clonal cell lines stably 

expressing the EP1 receptor (HEK-hEP1) were identified by PGE2 stimulation of inositol 

phosphates formation and were further characterized by immunofluorescence microscopy 

with hEP1 selective antibodies and by the radioligand binding of [3H]PGE2. A control 

cell line expressing the “empty” pCEP4 vector (HEK-pCEP4) was prepared in a similar 

manner. Cells were maintained in DMEM supplemented with 10% fetal bovine serum 
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(FBS), 250 µg/ml geneticin, 100 µg/ml gentamicin, and 200 µg/ml hygromycin B. Cells 

were cultured in a humidified incubator at 37°C in 5% CO2/95% air.  

 

Radioligand binding assay. HEK293 cells stably expressing pCEP4 plasmid alone or 

the EP1 receptor were grown to 80% confluence in T75 flasks. Cells were detached using 

trypsin-EDTA, counted and spin down at 5000 rpm to remove media. Cells were 

resuspended in 1 ml of MES binding buffer (10 mM MES, pH 6.0, 10 mM MnCl2, 0.4 

mM EDTA) at a concentration of 107 cells/ml. Binding assay were set up in 12x75 

borosilicate glass tubes containing 100 µl cells in MES binding buffer, 2.5 nM [3H]PGE2, 

non-radioactive PGE2 at 10-9-10-5M and MES binding buffer so that each reaction volume 

was 200 µl. Binding reactions were incubated at room temperature for 1 h. At the end of 

incubation, reactions were filtered onto Whatman GF/B glass fiber filters using a Brandel 

cell harvester and ice cold MES binding buffer. Filters were washed three times with 

MES buffer to remove unbound ligand and vacuum dried. Filters were transferred into 

scintillation vials containing 7 ml of Safety-Solve high flash point scintillation cocktail. 

Vials were vortexed and radioactivity was measured using a Beckman LS100 scintillation 

counter. These experiments were conducted in duplicate and data were analyzed using 

GraphPad Prism software. 
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cAMP assay. HEK 293 Cells stably expressing pCEP4, empty vector or the EP1, EP2 or 

EP4 receptor subtypes were cultured in 6-well plates and 16 h before the experiments, 

cells were switched from their regular culture medium to Opti-MEM (Invitrogen) 

containing 250 µg/ml G-418 (Geneticin) and 100 µg/ml gentamicin. Cells were 

pretreated with 0.1 mg/ml IBMX for 15 min followed by treatment with either vehicle 

(0.1% dimethyl sulfoxide) or 1 µM PGE2 for 10 min at 37°C. Experiments were 

terminated by the removing the media and placing the cells on ice. Two hundred 

microliters of Tris/EDTA buffer (50 mM Tris-HCl and 4 mM EDTA, pH 7.5) was added, 

and the cells were scraped off and transferred to microcentrifuge tubes. The samples were 

boiled for 8 min, placed on ice, and centrifuged for 1 min at 14,000 rpm in a 

microcentrifuge. Five microliters of the supernatants (representing ∼ 5x104 cells) was 

added to new tubes containing 50 µl of [3H]cAMP (PerkinElmer Life and Analytical 

Sciences, Boston, MA) and 100 µl of 0.06 mg/ml PKA (Sigma). The mixture was 

vortexed and incubated on ice for 2 h, followed by the addition of 100 µl of Tris/EDTA 

buffer containing 2% bovine serum albumin and 26 mg/ml powdered charcoal. After 

vortexing and centrifugation for 1 min at 14,000 rpm, 100 µl aliquots of the supernatants 

were removed, and radioactivity was measured by liquid scintillation counting. The 

amount of cAMP present was calculated from a standard curve prepared using 

nonradioactive cAMP and was expressed as picomoles per 5x104 cells. 
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Inositol phosphate assay. HEK 293 cells stably expressing either the pCEP4 plasmid 

alone or the EP1 receptor were seeded into 24 well plates at density of 200,000 cells/well 

in normal culture media and incubated overnight at 37 o C, 5% CO2. The following day 

media was aspirated and replaced with 1 ml of Opti-MEM supplemented with 0.2 µM 

myo-[2-3H]- inositol. Cells were incubated overnight at normal culture conditions. The 

following day, cells were treated with 10 mM lithium chloride (LiCl) for 15 minutes to 

slow hydrolysis of inositol phosphates. Following LiCl treatment, cells were treated with 

10-9-10-5 M PGE2 for 1 h. After PGE2 treatment, cells were rinsed with 1x PBS and 1 ml 

of ice-cold methanol and cell were scraped and transferred to glass test tubes. One 

milliliter of chloroform was added to each tube then the solution was vortexed gently. 

Samples were centrifuged at 2,100 rpm at 4 oC for 10 minutes. The aqueous phase of the 

samples were carefully added onto anion exchange columns packed with 2.5 mls of AG 

1x8 resin. Columns were washed three times with distilled H2O, and then washed twice 

with 5 ml of 5 mM Na tetraborate/60 mM formic acid solution. Total phosphates were 

eluted off the column using 2 ml of a 0.2 M ammonium formate/ 0.1 M formic acid 

solution into scintillation vials. Nine milliliters of Safety-Solver scintillation cocktail was 

added to each vial and vortexed. Radioactivity was detected using a Bechman LS100 

scintillation counter. These experiments were conducted in duplicate and data were 

analyzed using GraphPad Prism software. 
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2.3 Results 

Competition curves of unlabeled PGE2 and [3H]PGE2 in HEK cells expressing the 

human EP1 receptor. PGE2 competition-binding assay was performed on whole cells to 

identify and characterize HEK-293 cells stably expressing EP1 receptors. Figure 2.1 

shows the results of PGE2 competition curves for the whole cell specific binding of 

[3H]PGE2 to HEK cells stably expressing either the empty vector control plasmid (HEK-

pCEP4) or plasmid encoding the human EP1 receptor (HEK-hEP1). In cells stably 

transfected with the empty vector there was no significant displacement of [3H]PGE2 by 

PGE2, whereas in the EP1 expressing cells PGE2 competed for the binding of [3H]PGE2 

in a simple monophasic manner with an IC50 of 3.6 ± 0.2 nM.  
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Figure 2.1 Specific whole cell binding of [3H]PGE2 . PGE2 competition curves for the 
specific binding of [3H]PGE2 were done essentially as previously described in 
Experimental Procedures by incubating whole cells for 1 h at room temperature in a final 
concentration of 2.5 nM [3H]PGE2 in the presence of various concentrations of 
nonradioactive PGE2. Data are the means ± S.E.M. of triplicate measurements from a 
representative experiment that was repeated three times. 
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cAMP formation after PGE2 treatment in HEK cells expressing the human EP1 

receptor. The previous whole cell radioligand binding studies indicated that PGE2 was 

able to bind to the EP1 receptor in HEK-hEP1 cells. Since it is unclear as to which G 

protein the EP1 receptor is coupled to, we decided to assess whether there is cAMP 

formation following PGE2 treatment by performing a cAMP assay. Figure 2.2 shows that 

in HEK-hEP1 cells, 1 µM or 10 µM of PGE2 treatment did not stimulate cAMP 

formation, while in HEK-hEP2 cells, 1 µM and 10 µM treatment of PGE2 dramatically 

increased the formation of cAMP. 

 

 

 

 

 

 

 



	  

	  

	  

39	  

 

Figure 2.2 cAMP formation in HEK-pCEP4, HEK-hEP1 and HEK-hEP2 cells. 
HEK-pCEP4, HEK-hEP1 and HEK-hEP2 cells were treated with 1 µM PGE2 or 10 µM 
PGE2 respectively for 10 min or 60 min, cAMP formation was determined as described in 
Experimental Procedures. Data are the means+ S.E.M of duplicate measurements from a 
representative experiment that was repeated three times. 
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Inositol Phosphate Formation after PGE2 treatment in HEK cells expressing the 

human EP1 receptor. Although it is generally assumed that EP1 receptors are coupled 

to Gq/11 the actual evidence for this is virtually nonexistent, especially in regards to the 

stimulation of inositol phosphate hydrolysis. Some authors have even indicated that EP1 

receptors do not stimulate inositol phosphate formation and that the coupling of these 

receptors to intracellular Ca2+ mobilization may involve an unknown G-protein (35) (36). 

To further characterize the signaling properties of these receptors, we examined PGE2 

stimulated inositol phosphates formation in HEK-hEP1 cells. Figure 2.3A shows the 

results for the stimulation of total inositol phosphates formation by PGE2 in control HEK-

pCEP4 cells and in HEK cells expressing the human EP1 receptor (HEK-hEP1). In 

contrast to the control cells in which no response was observed, PGE2 treatment of HEK-

hEP1 cells produced a robust dose-dependent stimulation of inositol phosphates 

formation with an EC50 of 4.8 ± 0.2 nM. To determine if this stimulation of inositol 

phosphates formation involved coupling of the EP1 receptor to Gq/11, this experiment was 

repeated with cells that were transiently transfected with either control plasmid (mock) or 

a dominant negative mutant of Gq/11. As shown in Figure 2.3B, transfection of HEK-

hEP1 cells with DN-Gq/11 inhibited PGE2 stimulated inositol phosphates formation at 

every concentration examined as compared with mock transfected cells. To the best of 

our knowledge these findings provide the first direct evidence that EP1 receptors couple 

to Gq/11 to stimulate inositol phosphates formation.  
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A 

 

Figure 2.3 A Stimulation of total inositol phosphates formation by PGE2 in HEK-
hEP1 cells. Total inositol phosphates were determined as described in Experimental 
Procedures on HEK-pCEP4 and HEK-hEP1 cells that were incubated for 1 h at 37°C 
with the indicated concentrations of PGE2. Data are the means ± S.E.M. of duplicate 
measurements from a representative experiment that was repeated three times. 
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B 

 

 

Figure 2.3B The effects of Gq/11 dominant negative on PGE2 stimulated inositol 
phosphates formation in HEK-hEP1 cells. HEK-hEP1 cells were either mock 
transfected (shaded bars) or transfected with dominant negative Gq/11 (white bars) 24 h 
prior to the determination of PGE2 stimulated inositol phosphates formation. Data are the 
means ± S.E.M. of duplicate measurements from a representative experiment that was 
repeated three times. *** p < 0.001; ** p < 0.01; * p < 0.05; compared to corresponding 
mock-treatment for each concentration; 2-way ANOVA, followed by Bonferroni post test.  
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2.4 Discussion 

The EP1 prostanoid receptor is one of the four primary receptor subtypes for PGE2, the 

others being the EP2, EP3 and EP4 receptor subtypes. Interestingly in terms of its amino 

acid sequence identity with the other prostanoid receptors it is actually more closely 

related to the FP and TP receptors, followed by the EP3, EP2 and EP4 receptors [37]. Of 

the four EP receptors, the EP1 also has the lowest binding affinity for PGE2 and like the 

FP and TP receptors the EP1 is generally regarded to couple to Gq/11 as opposed to the 

EP2 and EP4 receptors that couple primarily to Gs and the EP3 receptors that couple 

primarily to Gi. As noted previously, however, the coupling of the EP1 receptor to Gq/11 

has occasionally been questioned because of its generally poor ability to stimulate the 

formation of intracellular inositol phosphates.  

 

In the present study, we used a stable expression system that provides a way to analyze 

the function of protein of interest in cells expressing nearly identical levels of receptor. 

We generated HEK-293 cells stably expressing the human EP1 receptors. Our initial 

experiments have characterized the EP1 receptor with respect to the binding of PGE2 and 

its interaction with Gq/11. We have found that PGE2 has high binding affinity for the EP1 

receptor in HEK-hEP1 cells and stimulates intracellular inositol phosphates accumulation, 

which can be inhibited by co-expression of dominant negative Gq/11. 
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CHAPTER THREE 

IDENTIFICATION OF GENES REGULATED BY THE ACTIVATION OF EP1 
PROSTANOID RECEPTOR UTILIZING cDNA AFFYMETRIX MICROARRAY 

TECHNOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	  

	  

45	  

3.1 Introduction 

DNA microarrays are widely used to measure changes in gene expression level. They 

consist of thousands of microscopic spots of oligonucleotides, each containing picomoles 

of a specific DNA sequence, known as probes. The probes are attached to a solid surface, 

which is commonly known as gene chip. 

 

 To study gene regulation mediated by the human EP1 prostanoid receptor at the genomic 

level, cDNA microarray technology was used to examine the genes regulated following 

agonist stimulation of HEK293 cells stably expressing the human EP1 receptor.  A large 

variety of genes were identified that were regulated by the EP1 prostanoid receptor.  We 

decided to examine the genes of interest, Nurr1, in more detail using real-time PCR and 

western blot analysis. Both the expression profile of Nurr1 at mRNA level and protein 

level were in agreement with that of cDNA microarray data. 

 

3.2 Experimental Procedures 

Materials. Dulbecco’s modified Eagle’s medium, bovine serum albumin, hygromycin B, 

geneticin, gentamicin and Trizol were obtained from Invitrogen (Carlsbad, CA). Anti-

Nurr1 antibodies were obtained from Santa Cruz biotechnology (Santa Cruz, CA).  Anti-

rabbit IgG conjugated with horseradish peroxidase, anti-vinculin, were obtained from 
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Sigma-Aldrich (St. Louis, MO). Anti-mouse IgG, PVDF membranes were obtained from 

Bio-Rad (Hercules, CA). PGE2 was purchased from Cayman Chemical Company (Ann 

Arbor, MI). 

 

Cell culture. HEK-hEP1 cells were maintained at 37 oC with 5% CO2/95% air in 

Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 250 µg/ml 

geneticin, 200 µg/ml hygromycin B, and 100 µg/ml gentamicin. 

 

Affymetrix Microarray Analysis. Microarray analysis was carried out at the Arizona 

Cancer Center (AZCC) Genomics Core facility. Expression data was analyzed using 

Genespring Software (Agilent, Palo Alto, CA). 

 

Real-time PCR. Cells were incubated at 37 oC with vehicle for 12 h or 1µM PGE2 for 1 

h, 3 h, and 12 h. After treatment, crude RNA was extracted using Trizol according to the 

manual. The crude RNA extract was then purified by Absolute RNA Miniprep Kit 

(Stratagene, Cedar Creek, TX). The purified RNA concentration was determined by UV 

spectrum at 260 nm and 280 nm wavelengths. Single-strand cDNA was synthesized using 

iscript cDNA synthesis kit (Biorad). Quantitative real-time PCR was performed using an 
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ABI prism 7500 sequence detection system, which was performed in transparent 96-well 

plates. 

Immunoblot Analysis. Cells were incubated at 37 oC with either vehicle for 12 h, or 1 

µM PGE2 for 1 h, 3 h, 6 h and 12 h. Cells were scraped into a lysis buffer (Cell Signaling, 

CA), and then transferred to microcentrifuge tubes. The samples were incubated for 30 

min at 4 oC and were centrifuged at 12500 for 15 min. Protein concentrations were 

determined using a Bio-Rad assay kit (Hercules, CA).  Samples of cell lysates containing 

~100 µg of protein were electrophoresed on 7.5% SDS-polyacrylamide gels and 

transferred to PVDF membranes. Membranes were then blocked in 3% non-fat dry milk 

in Tris-buffered saline containg 0.1% polyoxethylenesorbitan monolaurate (TBST) for 

one h at room temperature and were then incubated at 4 oC for 16 h with anti-Nurr1 

(1:1000 dilution). After three ten-minute washes with TBST, the membranes were 

incubated with the secondary antibodies conjugated with horseradish peroxidase 

(1:10000 dilution) for 1 h at room temperature. The membranes were washed and 

visualized by enhanced chemiluminescence (Supersignal; Pierce, Rockford, IL). 

 

3.3 Results 

Over 100 genes were regulated by the human EP1 prostanoid receptor following 

treatment with PGE2. To identify genes regulated by the activation the human EP1 

prostanoid receptors we used the Affymetrix Human Genome U133 Plus 2.0 array. HEK-
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hEP1 cells were treated with 1 µM PGE2 for 1 h, 3 h, 12 h as described in Experimental 

Procedures, then RNA were extracted and were sent to the AZCC Genomic Core facility 

for microarray analysis. The expression of more than 100 genes decreased or increased 

following PGE2 treatment of cells expressing the human EP1 prostanoid receptor and are 

displayed in Table 3.1. 

 

Functional grouping of genes regulated by the human EP1 prostanoid receptor 

following treatment with PGE2.  

A pie chart of the functional classification of all the genes identified was created and is 

shown in Figure 3.1. The signaling gene group is the largest functional group among all 

the regulated genes by the human EP1 receptor, which account for 25% of the genes 

identified. The metabolism gene group and genes that regulate transcription are also the 

major components among the genes identified. 

 

3.4 Discussion 

In the present study, we identified a large number of genes that are either upregulated or 

downregulated following agonist stimulation of the human EP1 receptor, which is the 

first demonstration of gene regulation through the activation of the human EP1 receptor 
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at the genomic level. It also provides the foundation for further study the signaling 

pathways responsible for gene regulation by the activation of human EP1 receptor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	  

	  

50	  

Table 3.1 

GENES Downregulated by PGE2  

Percent 
Change 
compared to 
Vehicle (%)    

CEACAM7 
carcinoembryonic antigen- 
related cell adhesion molecule 7                              46         L31792 

VIM vimentin        35.8   AI520969 
GRK4 G protein-coupled receptor kinase 4      32   U33054 
MADH1 Smad1        31.8   NM_015583 
GLRA3 glycine receptor, alpha 3       32   U93917 
BMP5 bone morphogenetic protein 5      23.8   AL133386 
KIAA0010 ubiquitin protein ligase E3C      21.5   BC014029 
AMY2A amylase, alpha 2A (pancreatic)      19.6   NM_004038 
NAALAD2 N-acetylated alpha-linked acidic dipeptidase 2          18.8   BC038840 

SPP1 
secreted phosphoprotein 
1       18.4   AB019562 

HRMT1L1 protein arginine methyltransferase 2      18.2   U79286 
KCNC3 potassium voltage-gated channel      16.7   R19827 
GRAF Rho GTPase activating protein 26      16.1   AI768563 
ITGA8 integrin, alpha 8       16.1   BF939224 
PVT1 Pvt1 oncogene       16.1   M34428 
KCNIP2 Kv channel interacting protein 2      15   AK097282 
FLJ39963 zinc finger protein 713       14.8   AF367019 

PIGL 
phosphatidylinositol glycan anchor biosynthesis,  
class L                                                                   14.7  AU155941 

TRIM7 tripartite motif-containing 7      14.4   AA527412 
TTLL1 tubulin tyrosine ligase-like family, member 1            13   NM_012263 
CDH1 cadherin 1, type 1, E-cadherin      12.8   NM_004360 
ADMR G protein-coupled receptor 182      12.4   NM_007264 
FLJ23754 hypothetical protein FLJ23754      11.4   AA573901 
KIAA1602 NCK-associated protein 5-like      11.25   AK093900 
DCN decorin        10.8   A1281593 
CDH6 cadherin 6, type 2, K-cadherin      10.64   AU151483 
ANGPTL2 angiopoietin-like 2         9.01   NM_012098 
APOM apolipoprotein M         8.94   NM_021184 

SP4               
Sp4 transcription 
factor         8.7   NM_003112 

TFCP2L2 grainyhead-like 1         8.58   NM_014552 
GOSR2 golgi SNAP receptor complex member 2        8.45   AI084086 
FLJ21736 esterase 31          8.24   AK000105 
JMJD2B lysine (K)-specific demethylase 4B        8.12   AI265747 
IQGAP3 IQ motif containing GTPase activating protein 3           8.09   B033549 
PIK3C2A phosphoinositide-3-kinase, class 2, alpha    BC040952 
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polypeptide                                                               7.98 
MYO5A myosin VA (heavy chain 12, myoxin)         7.68   N67810 
MAP2K6 mitogen-activated protein kinase kinase 6                   7.29   U39657 
COL4A3 collagen, type IV, alpha 3          7.20   A1694562 
SLC38A4 solute carrier family 38, member 4         7.13   AF193836 
FLJ22843 EF-hand domain (C-terminal) containing 2                   7.01   NM_025184 
TLX2 T-cell leukemia homeobox 2 [         6.99   BC006356 

CYP19A1 
cytochrome P450, family 19, subfamily a,  
polypeptide 1                                                            6.84  BF988443 

CD53 CD53 molecule          6.01   AW293276 

SLC6A2 

solute carrier family 6  
(neurotransmitter transporter, noradrenalin),              6.00 
member 2 AB022847 

CDH7 cadherin 7, type 2          6.00   NM_004361 
SRGAP1 SLIT-ROBO Rho GTPase activating protein 1                5.90   BC029919 
FTH1 ferritin, heavy polypeptide 1         5.88   AK093779 
ARHCL1 ras homolog gene family, member C like 1                  5.85   AK023315 
MDM2 Mdm2 p53 binding protein homolog         5.49   M92424 
DOCK3 dedicator of cytokinesis 3          5.12   BF593175 
OCLM oculomedin           4.93   NM_022375 
FABP5 fatty acid binding protein 5         4.77   AA913233 
KIAA0999 SIK family kinase 3          4.73   AL832068 
TPP2 tripeptidyl-peptidase          4.67   BC024905 
ZIF323 zinc finger protein 323          4.52   AI733457 
DLG5 discs, large homolog 5          4.16   BC002915 
LOC51152 melanoma antigen          4.20   NM_016181 

HCN4 
hyperpolarization activated  
cyclic nucleotide-gated potassium channel 4                4.07 NM_005477 

TCEB3 transcription elongation factor B    AA830143 
        
        
GENES UPREGULATED BY PGE2      
SERPINB5 serpin peptidase inhibitor, clade B        4.59   BC020713 
PSCD4 cytohesin 4          4.77   AF125349 
SVIL supervillin          4.78   BF000697 
DLK1 delta-like 1 homolog         4.84   U15979 
ZNF335 zinc finger protein 335         4.86   AA845577 
RGS4 regulator of G-protein signaling 4        5.00   NM_005613 
TLX3 T-cell leukemia homeobox 3        5.05   NM_021025 
FLJ20241 coiled-coil and C2 domain containing 1A        5.57   AW183030 
CA12 carbonic anhydrase XII         5.75   NM_017689 

NR4A2 
nuclear receptor subfamily 4, group A, 
 member 2                                                              5.79   NM_006186 

FLJ14464 
poly (ADP-ribose) polymerase family,  
member 10                                                             5.56   A1335251 

MTHFR 5,10-methylenetetrahydrofolate reductase    NM_005957 
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(NADPH)                                                                 5.75 

VAPA 
VAMP (vesicle-associated membrane protein) 
-associated protein A, 33kDa                                    5.80 A1671488 

ETV5 ets variant 5         5.57   AW663402 
BCAP29 B-cell receptor-associated protein 29       5.75   N57499 
PLCE1 phospholipase C, epsilon 1       5.80   AK025366 
HGF hepatocyte growth factor        5.57   U46010 
SPUF euron derived neurotrophic factor       6.36   AA156251 

NR4A3 
nuclear receptor subfamily 4, group A, 
 member 3                                                              6.46   U12767 

PACE4 proprotein convertase subtilisin/kexin type 6              6.89   NM_138322 
TM6SF2 transmembrane 6 superfamily member 2                   6.54   AK026307 
PCK1 phosphoenolpyruvate carboxykinase 1        8.1   NM_002591 
IL8 interleukin 8          8.2   AF043337 
AKR1D1 aldo-keto reductase family 1, member D1                  8.58   NM_005989 
CSMD1 CUB and Sushi multiple domains 1        9.86   AB067477 

NR4A1 
nuclear receptor subfamily 4, group A,  
member 1                                                               10.2   NM_002135 

ADRA1A adrenergic, alpha-1A-, receptor       10.24   D32201 
CYR61 cysteine-rich, angiogenic inducer, 61       12.72   AF003114 
COL1A1 collagen, type I, alpha 1        15.18   A1743621 
ETV5 ets variant 5         15.38   AW206458 
SLC10A2 solute carrier family 10        16.17   NM_000452 
CTGF connective tissue growth factor       17.27   M02034 
SULT1C1 sulfotransferase family, cytosolic, 1C, member 2        18.21   AF026303 
HMGA2 high mobility group AT-hook 2       20.44   AI990940 
MASP1 mannan-binding lectin serine peptidase 1                  22.17   A1274095 

CYP2A6 
cytochrome P450, family 2, subfamily A,  
polypeptide 6                                                          23.15  AF182275 

CGA glycoprotein hormones, alpha polypeptide                 24.9   NM_000735 
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Figure 3.1 Functional groupings of genes regulated by the human EP1 receptor. 

Genes identified as either being upregulated or downregulated following treatment of 

HEK-hEP1 cells with PGE2 are shown according to their classification by functional 

groups. 
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CHAPTER FOUR 

CHARACTERIZATION OF THE SIGNALING PATHWAYS INVOLVED IN 

THE REGULATION OF NURR1 (NR4A2) EXPRESSION BY THE ACTIVATION 

OF EP1 PROSTANOID RECEPTORS 
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4.1 Introduction 

PGE2 is synthesized from arachidonic acid by the sequential actions of cyclooxygenase 

(COX) and prostaglandin E synthase. PGE2 is a potent autocrine and paracrine 

oxygenated lipid molecule that contributes to physiologic and pathophysiologic responses 

in almost all organs. Numerous studies have shown that PGE2 contributes to the 

progression of breast, colon and other cancers [38] [39]. In addition, PGE2 also plays a 

major role in brain disease including ischemic injury and several neurodegenerative 

diseases [40] [41]. For example, in transgenic mouse models of familial Alzheimer’s 

disease (FAD), NSAID treatment reduced Ap peptide deposition and reversed mild 

behavioral deficits. Inhibition of COX and the PGE2 pathway is the most likely 

mechanism by which NSAIDs suppress Ap deposition in these transgenic mouse models 

[42]-[45]. PGE2 and COX2 signaling also play a significant role in Parkinson’s disease 

progression in rodent models utilizing 1-methyl-4-phenyl-1,2,3,6-tetrhydropyridine 

(MPTP). Inhibiting COX2 either pharmacologically or by genetic ablation partially 

protects against dopaminergic neurodegeneration and development of the related motor 

system deficits [46] [47]. 

 

PGE2 exerts its physiological effects by binding to its cognate receptors, the EP receptors. 

The EP receptors are differentially expressed on neuronal and glial cells throughout the 

central nervous system. EP1 receptor activation has been shown to mediate Ca2+ 

dependent neurotoxicity in ischemic injury [54]. EP2 receptor activation has also been 
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shown to mediate microglial-induced paracrine neurotoxicity as well as to suppress 

microglial internalization of aggregated neurotoxic peptides. EP3 and EP4 receptor 

activation has been shown to suppress aggregated Ap peptide mediated neurotoxicity [55]. 

 

Although it is well accepted that the activation of the EP1 receptor is linked to increased 

intracellular Ca2+, it is unclear whether it involves exclusive coupling to Gq/11 or other 

unknown G proteins. To further examine the signaling properties of the EP1 receptor we 

conducted a gene array screen to identify possible targeted genes regulated by this 

receptor. An orphan nuclear receptor Nurr1 (NR4A2) was found to be upregulated after 

PGE2 treatment. Nurr1 is expressed constitutively in the developing and adult CNS [56] 

and belongs to the NR4A subfamily, which includes other two members, Nurr77 (NR4A1) 

and NOR-1 (NR4A3). Members of the NR4A family can transactivate target genes 

through monomer binding to a consensus NBRE sequence, in addition Nurr1 and Nurr77 

can heterodimerize with 9-cis-retinoic acid receptor (RXR) through DR5 elements in 

mediating retinoid signaling [57]. Based on the expression pattern in the brain, NR4A 

family members have been strongly implicated in Parkinson’s disease, schizophrenia, 

manic depression, and Alzheimer’s disease [58]-[60].  

 

The aim of this study is to establish the signaling mechanisms that mediate the 

upregulation of Nurr1 by the EP1 receptor. The expression pattern of Nurr1 was 
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examined in both an over-expressed system (HEK-hEP1 cells) and an endogenous system 

(SHSY5Y cells). Murphy etc, have characterized highly conserved consensus sequences 

for the binding of both NF-κB subunits and CREB proteins in the Nurr1 proximal 

promoter [61]. Therefore we decided to study the possible involvement of NF-κB and 

CREB signaling in the upregulation of Nurr1 by the EP1 receptor. 

 

4.2 Experimental Procedures 

Materials. Trizol® Reagent, Dulbecco’s modified Eagle’s medium (DMEM), Eagle’s 

Minimum Essential Medium/F12 (MEM/F12), Opti-MEM, hygromycin B, geneticin, 

gentamicin, pcDNA3, pCEP4 and HEK293-EBNA cells were from Invitrogen (Carlsbad, 

CA).  Absolutely RNA Miniprep kit was from Strategene (La Jolla, CA) and iScript 

cDNA kit was from Biorad (Hercules, CA). Antibodies against Nurr1, phospho-IκBα 

protein (Ser32/36; product # sc-101713) were from Santa Cruz (San Jose, CA). Anti-

mouse IgG conjugated with horseradish peroxidase, vinculin antibodies and PKA were 

from Sigma-Aldrich (St. Louis, MO). PVDF membranes, Transfectin reagent were from 

Bio-Rad Laboratories (Hercules, CA). Cell lysis buffer and antibodies against phospho-

CREB (Ser133; product#9191), phospho-PKAc (Thr197; product #4781), phospho- NF-

κB p65 (Ser276; product #3037) were from Cell Signaling Technology (Waltham, MA). 

PGE2 was from Cayman Chemical Company (Ann Arbor, MI). BAPTA/AM, BIM, H89, 

PKI and C3 Toxin were from Calbiochem (San Diego, CA). FuGENE 6 was from Roche 
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(San Francisco, CA). The Dual Luciferase Reporter Assay System and the Renilla 

luciferase reporter, pRL-CMV, were from Promega (Madison, WI). Dominant-negative 

G12, G13 (q Q209L/D277N) was obtained from the Missouri S&T cDNA Resource Center 

(http://www.cdna.org/index.html).  

 

Cell Culture. A cell line stably expressing the recombinant human EP1 prostanoid 

receptor was generated using human embryonic kidney (HEK) cells expressing the 

Epstein Barr nuclear antigen (EBNA), as described in Chapter 2. Cells were maintained 

in DMEM supplemented with 10% fetal bovine serum (FBS), 250 µg/ml geneticin, 100 

µg/ml gentamicin, and 200 µg/ml hygromycin B. Human neuroblastoma cells (SHSY5Y) 

were obtained from the American Type Culture Collection (Manassas, VA) and cultured 

in Eagle’s minimal essential/F12 containing 10% FBS. Cells were cultured in a 

humidified incubator at 37°C in 5% CO2/95% air.  

 

Western Blotting. Cells were split into 6-well plates at a density of 106 cells/well and 

incubated overnight. They were then treated with 1 µM PGE2 for indicated times and 

immunoblotting was performed essentially as previously described [46]. In short, cell 

lysates were prepared and measured for protein content using the Bradford assay. 

Approximately 50 µg of protein was electrophoresed on 10% SDS-PAGE gels and 

transferred to PVDF membranes. Membranes were incubated overnight at 4°C with 
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primary antibodies and then for 1 h at room temperature with the secondary antibodies. 

Anti-phospho-CREB, anti-phospho-IκB, anti-phospho-NF-κB and anti-Nurr1 antibodies 

were used at a dilution of 1:1000, in 3% non-fat milk. Horseradish peroxidase conjugated 

secondary antibodies were used at a dilution of 1:10000 in 3% non-fat milk. After 

incubation with secondary antibodies, the membranes were washed and immunoreactivity 

was detected by enhanced chemiluminescence. To ensure equal loading of proteins, the 

membranes were stripped and re-probed with anti-vinculin antibodies.  

 

Luciferase Reporter Gene Assay. Cells were split into 6-well plates, grown to ~75% 

confluence, and ~24 h later, the cells were co-transfected with 2 µg/well of a firefly 

luciferase reporter plasmid under the control of a Nurr1 response element or cAMP 

response element, or NF-κB response element and 10 ng/well of the Renilla luciferase 

reporter pRL-CMV using 5 µL FuGENE-HD. Cultures were then treated with either 

vehicle (0.1% dimethylsulfoxide in phosphate-buffered saline solution) or 1 µM PGE2 for 

18 h. Cells were harvested and 2 µL of the lysates were taken to measure luciferase 

activity using the Dual Luciferase Reporter Assay System (Promega) according to the 

manufacturer’s instructions. The data were normalized by calculating ratios of firefly 

luciferase scores to the corresponding Renilla luciferase values.  
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Quantitative Real-Time PCR. Total RNAs were isolated using either Trizol® Reagent or 

Absolutely RNA Miniprep kits according to the manufacturer’s instructions. The RNA 

integrity was verified by 1% agarose gel electrophoresis and the quantity was determined 

by spectrophotometry. cDNAs were prepared from ~500 ng total RNA using the iScript 

cDNA synthesis kit. mRNA expression was determined using the TaqMan Gene 

Expression Assay. PCR reactions were subjected to 40 cycles of 95°C for 15 s and 60°C 

for 45 s in an ABI 7500 real time PCR system. Threshold values (Ct) were determined 

automatically by the system software and relative mRNA expression was analyzed by the 

comparative ΔΔCt method. Data were normalized to the mRNA expression of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  

 

4.3 Results 

Upregulation of Nurr1 expression by PGE2 in HEK cells expressing the human EP1 

receptor.  A preliminary DNA microarray study was conducted to profile the expression 

of genes that were potentially regulated by PGE2 interaction with the EP1 prostanoid 

receptor (X.B. Chen and J.W. Regan, unpublished observations). Nurr1 is one of the 

genes that was found to be strongly upregulated by the EP1 receptors. To confirm the 

data from microarray, quantitative real-time PCR was used to examine the expression of 

Nurr1 mRNA in HEK-hEP1 cells treated with 1 µM PGE2, and the results are shown in 

Figure 4.1B. There was a rapid and strong upregulation of Nurr1 mRNA expression after 
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1h of PGE2 treatment. These results indicate that PGE2 stimulated upregulation of Nurr1 

expression mediated by the EP1 receptor involves changes in gene transcription. Western 

blot analysis was used to examine the upregulation of Nurr1 protein expression in HEK-

hEP1 cells treated with 1 µM PGE2. Figure 4.1A shows a representative immunoblot for 

the expression of Nurr1 and ERK1/2 in HEK-hEP1 cells after treatment with 1 µM PGE2 

for various periods of time between 0 (untreated) and 6 h. There was a marked 

upregulation of Nurr1 after 1, 3 h of treatment, and a decrease of Nurr1 protein 

expression after 6 h of treatment. On the other hand, the expression of vinculin remained 

essentially constant at all time points. 

 

Upregulation of Nurr1 expression mediated by the human EP1 receptor involves the 

activation of NF-κB and cyclic AMP response element binding protein (CREB). It is 

reported that the transcriptional activation of Nurr1 gene by IL-1 and TNF-α requires a 

proximal promoter region that contains a consensus NF-κB motif. In addition, there is a 

direct CREB binding site at the promoter region -171/-163 of Nurr1 as well [61]. We also 

found that in HEK-hEP1 cells, PGE2 can stimulate both NF-κB (Figure 4.3) and CREB 

signaling (Figure 4.2). NF-κB binding element and cyclic AMP response element (CRE) 

luciferase reporter genes were used to examine whether PGE2 stimulation of the EP1 

receptor could potentially stimulate transcription activity of NF-κB and CREB. Figure 

4.2A shows that in HEK cells expressing the human EP1 receptor, PGE2 stimulated CRE-

mediated luciferase activity nearly 8 fold but had no significant effect in control cells 
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expressing the empty pCEP4 vector. CREB is a transcription factor that is known to be 

phosphorylated at Ser133 and activated by various of signaling including 

Ca2+/calmodulin-dependent kinase IV, PKA [64] [65] and mitogen activated kinase Msk-

1 [66] [67]. The phosphorylation of CREB at Ser133 is known to trigger the 

transcriptional activity of CREB. Therefore, we used western blot analysis to examine 

potential PGE2 stimulated phosphorylation of CREB in HEK-hEP1 cells. Figure 4.2B 

shows an immunoblot for the expression of phospho-CREB and total CREB in HEK-

hEP1 cells after treatment with 1 µM PGE2 for various periods of time between 0 

(untreated) and 30 min. At time 0, a low level of phospho-CREB expression was present, 

which increased markedly after 5, 10, 30, 60 min treatment with PGE2. On the other hand, 

the expression of total CREB remained constant at all time points. In order to see which 

signaling pathways are involved in the EP1 receptor mediated phosphorylation of CREB, 

we pretreated HEK-hEP1 cells with the calcium chelator, BAPTA/AM; the PKC inhibitor, 

BIM; the PI3K inhibitor, wortmannin; and the PKA inhibitors, H89 and PKI. Figure 4.2C 

and Figure 4.2D show that in HEK cells expressing the human EP1 receptor, only the 

PKA inhibitors H89 and PKI blocked PGE2 stimulated phosphorylation of CREB; 

whereas the other inhibitors had no effect on the PGE2 stimulated phosphorylation of 

CREB. Therefore these data indicate that PKA is involved in the EP1 receptor mediated 

phosphorylation of CREB. Figure 4.3A shows that in HEK cells expressing the human 

EP1 receptor, PGE2 stimulated NF-κB luciferase activity nearly 15-fold, but had no 

significant effect in control cells expressing the empty pCEP4 vector. The family of NF-

κB proteins such as RelA/p65, RelB, c-Rel, and p50, reside in the cytosol of resting cells 
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as dimers in a complex with inhibitory IκB molecules. These dimers are activated and 

translocated to the nucleus in response to stress. These signals lead to activation of the 

IKK kinase complex and phosphorylation of IκB. Phosphorylated IκB is then 

ubiquitinated and degraded by the proteosomal pathway. Dissociation of IκB exposes the 

nuclear translocation sites of NF-κB allowing for nuclear translocation and DNA binding 

[62] [63]. Therefore, we used Western blot analysis to examine the phosphorylation of 

IκB by PGE2 treatment in HEK-hEP1 cells. Figure 4.3B shows an immunoblot for the 

expression of phospho-IκB and vinculin in HEK-hEP1 cells after treatment with 1 µM 

PGE2 for various periods of time between 0 (untreated) and 12 h. A low level of 

phospho-IκB was present at 0 h, which was upregulated after 3, 6 and 12 h of treatment 

with PGE2. On the other hand, the expression of vinculin remained essentially constant at 

all time points. In order to test our hypothesis that NF-κB and CREB signaling are 

involved in the EP1 receptor mediated upregulation of Nurr1, we pretreated HEK-hEP1 

cells with the NF-κB inhibitor BAY-117082 or transiently transfected HEK-hEP1 cells 

with dominant negative CREB (DN-CREB) to determine their effects on the PGE2 

stimulated upregulation of Nurr1. As shown by the immunoblot in Figure 4.4B, 

pretreatment with BAY-117082 or transfection with DN-CREB abolished the PGE2 

stimulated upregulation of Nurr1. A luciferase reporter gene construct under the control 

of a Nurr1 binding response element (NBRE) was used to examine the effects of BAY-

117082 and DN-CREB on the EP1 receptor mediated increase of transcriptional activity 

of Nurr1 target genes. Figure 4.4C shows that pretreatment HEK-hEP1 cells with BAY-
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117082, or transfection with DN-CREB, significantly decreased PGE2 stimulated NBRE-

mediated luciferase activity. These findings indicate that the EP1 receptor mediated 

upregulation of Nurr1 involves the activation of NF-κB and CREB signaling. 

 

The activation of PKA involved in the upregulation of Nurr1 by the EP1 receptor is 

cAMP independent. It has been reported that Nurr1 can be induced by PGE2 in a 

cAMP/PKA dependent manner in colorectal cancer [68]. Therefore we examined cAMP 

formation in HEK-hEP1 cells stimulated by PGE2. As shown in Figure 2.2, treatment 

with PGE2 in HEK-hEP1 cells did not significantly stimulate the cAMP formation, 

whereas, treatment of GS-coupled HEK-hEP2 cells with PGE2 induced a nearly 20-fold 

increase of cAMP formation. Even though there was no cAMP formation in HEK-hEP1 

cells after PGE2 treatment, we still found phosphorylation of PKA at Thr197 as shown in 

Figure 4.5, which is a necessary step for the activation of PKA [69] [70]. Furthermore, as 

shown in the immunoblot in Figure 4.6A, pretreatment of HEK-hEP1 cells with either the 

PKA inhibitor, H89, or the more specific inhibitor, PKI, totally abolished the PGE2 

stimulated upregulation of Nurr1. Figure 4.6B shows that pretreatment of HEK-hEP1 

cells with H89 significantly decreased PGE2-stimulated NBRE luciferase activity. 

Therefore, our results indicate that PGE2- stimulated upregulation of Nurr1 in HEK-hEP1 

cells involves the activation of PKA signaling in a cAMP independent manner.  

Although it has been known for some time, cAMP can either activate or repress 

transcription by activation of PKA, several groups have indicated a cAMP independent 
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activation of PKA in different cell types [71]-[73]. Some portion of the catalytic subunits 

of PKA (PKAc) are known to be bound to IκB in an NF-κB-IκB complex. Stimulation of 

cells with inducers of NF-κB activity causes dissociation of NF-κB from IκB, leading to 

IκB degradation and release of PKAc [71]. This cAMP-independent activation of PKAc 

can result in further phosphorylation of the p65 subunit of NF-κB and thereby increase 

the transcriptional activity of NF-κB [74]. As shown in Figure 4.7A, the p65 subunit of 

NF-κB was phosphorylated at Ser276 by treatment with PGE2 in a time dependent 

manner. Thus, HEK-hEP1 cells were treated with PGE2 at 0 (untreated) 1, 3, 6, 12 h. A 

marked increase of phospho-NF-κB was observed, after 1, 3, 6 h treatment, which 

decreased after 12 h of treatment. We also examined the effects of the PKA inhibitors 

H89 and PKI on the PGE2 stimulated phosphorylation of NF-κB in HEK-hEP1 cells and 

as shown in Figure 4.7B, pretreatment with H89 and PKI decreased the PGE2 stimulated 

phosphorylation of NF-κB. Figure 4.7C shows that pretreatment of HEK-hEP1 cells with 

H89 significantly decreased PGE2 stimulated NF-κB luciferase activity. Together, these 

results indicate that the cAMP independent activation of PKA by PGE2 in HEK-hEP1 

cells involves possible dissociation of PKAc from NF-κB-IκB-PKAc complex and 

further activation of NF-κB transcription activity to increase the expression of Nurr1. 

 

 

Transfection of HEK-hEP1 cells with DN-Gα13 blocks the PGE2 stimulated 
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upregulation of Nurr1 expression by the human EP1 receptor indicating coupling to 

Gα13. Recently we have found that the EP1 receptor can couple to Gi/O to upregulate the 

expression of HIF-1α [83]. We, therefore, pretreated HEK-hEP1 cells with pertussis 

toxin, but no change of Nurr1 protein expression was observed (data not shown). 

Increasingly,  GPCRs that have been traditionally considered to couple to Gq/11 have been 

found to couple to Gα12/13 [75]. We, therefore, decided to transfect Gα12 and Gα13 

dominant negative plasmids into HEK-hEP1 cells to see their effects on the PGE2 

stimulated upregulation of Nurr1. Figure 4.8A shows that transfection of DN-Gα12 had 

only a minor effect on the PGE2 stimulated upregulation of Nurr1 expression, while 

transfection of DN-Gα13 markedly decreased the PGE2 stimulated upregulation of Nurr1 

expression in HEK-hEP1 cells. Figure 4.8B shows that transfection with DN-Gα13 

significantly decreased PGE2 stimulated NBRE-mediated luciferase activity in HEK-EP1 

cells. As shown in Figure 4.9, we also examined the effect of DN-Gα12 and DN-Gα13 on 

PGE2 stimulated CRE and NF-κB luciferase activity. Transfection with DN-Gα13 

significantly blocked PGE2 stimulated CRE and NF-κB luciferase activity in HEK-hEP1 

cells, but transfection with DN-Gα12 did not affect PGE2 stimulated CRE and NF-κB 

luciferase activity. Our results suggest that the human EP1 receptor mediated 

upregulation of Nurr1 involves coupling to Gα13. 

 

RhoA activation is involved in the human EP1 receptor mediated upregulation of 

Nurr1 expression. RhoA has been described as the primary signaling mediator for many 
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Gα12/13-mediated events [76]. We hypothesized that RhoA may serve as a downstream 

effector of Gα12/13 to transduce the PGE2 stimulated upregulation of Nurr1. Therefore, we 

pretreated HEK-hEP1 cells with the specific Rho inhibitor, C3 toxin, to see its effect on 

the PGE2 stimulated upregulation of Nurr1 and phosphorylation of IκB. As shown in the 

immunoblot Figure 4.10, pretreatment with the Rho inhibitor C3 toxin, markedly 

decreased both the PGE2 stimulated upregulation of Nurr1 and the PGE2 stimulated 

phosphorylation of IκB in HEK-hEP1 cells. These results show that the activation of 

RhoA is required for the EP1 receptor mediated upregulation of Nurr1. 

 

PGE2 stimulates the upregulation of Nurr1 protein and mRNA expression in 

SHSY5Y cells. SHSY5Y neuroblastoma cells were used to examine the potential 

upregulation of Nurr1 protein and mRNA expression by PGE2. The upper panel of Figure 

4.11A shows an immunoblot of the expression of Nurr1 and vinculin following treatment 

of SHSY5Y cells with 1 µM PGE2 for various periods of time. In untreated cells (0 h) 

and following 1 h of treatment with PGE2, the expression of Nurr1 was essentially 

undetected, but was clearly induced after 3 and 6h. Treatment of SHSY5Y cells with 

PGE2 did not affect the expression of vinculin. In order to see whether the PGE2 

stimulated upregulation of Nurr1 is mediated by the EP1 receptor, we pretreated the cells 

with the selective EP1 receptor antagonist SC51322. As shown in Figure 4.11A 

pretreatment with SC51322 prevented the PGE2 stimulated upregulation of Nurr1 in 

SHSY5Y cells. Figure 4.11B shows the results of quantitative real time PCR for the 
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expression of Nurr1 mRNA. As can be seen, the expression of Nurr1 mRNA level was 

markedly upregulated by PGE2 as early as 1 h after treatment. These findings mirror the 

results obtained in HEK-hEP1 cells and show that the PGE2 stimulated upregulation of 

Nurr1 is mediated by the EP1 receptor in SHSY5Y cells. Furthermore we examined a 

time course for the phosphorylation of CREB following treatment of SHSY5Y cells with 

PGE2. As shown in Figure 4.11C treatment of SHSY5Y cells with 1 µM PGE2 resulted in 

an initial phosphorylation of CREB after 3 h that could be blocked by pretreatment with 

the selective EP1 receptor antagonist SC57322. 

 

PGE2 stimulated Nurr1 response element (NBRE) activity in SHSY5Y cells. 

SHSY5Y cells were transiently transfected with a reporter plasmid under the control of a 

Nurr1 response element (NBRE) followed by treatment with PGE2. Figure 4.12 shows 

that treatment with PGE2 produced a 4-fold stimulation of NBRE luciferase activity as 

compared to treatment with vehicle alone. Pretreatment with either H89, BAY-117082, or 

SC51322, significantly decreased PGE2 stimulated NBRE luciferase activity as compared 

to pretreatment with vehicle. These data are consistent with the hypothesis that the PGE2 

stimulated upregulation of NBRE activity involves the activation of PKA and NF-κB 

signaling and is mediated by the EP1 receptor in SHSY5Y cells. 
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4.4 Discussion 

The EP1 receptor is a G protein coupled receptor whose cognate G-proteins had not been 

clearly identified. Here we used HEK-293 cells that stably express the human EP1 

receptor to better characterize the EP1 receptor mediated signal transduction pathways. G 

proteins consist of α, β, and γ subunits. Based on sequence homologies among α subunits, 

G proteins are grouped into four major families: Gs, Gi/O, Gq/11 and G12/13 families [77] 

[78]. The receptor mediated activation of G proteins has been deduced from their 

activation of second messengers; for example, activation of Gs and Gi/o respectively 

increases or decreases the formation of cAMP. Activation of Gq/11 increases the formation 

of inositol phosphates and activation of G12/13 has been found to stimulate both the Na+ 

/H+ exchanger and Rho [79]-[82]. Our initial characterization of the EP1 receptor 

(Chapter 2) showed that activation of the EP1 receptor increased the formation of 

intracellular inositol phosphates which indicates its coupling to Gq/11. We also showed 

(Chapter 5) that activation of the EP1 receptor can upregulate HIF-1α through coupling 

to Gi/o [83]. Here we studied Nurr1, an orphan nuclear receptor, which can also be 

upregulated by the activation of the EP1 receptor. Our results show that the EP1 receptor 

can couple to G13 to transcriptionally stimulate the expression of Nurr1 protein through a 

cAMP independent activation of PKA signaling. 
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The expression of Nurr1 is classically regulated by increased transcription, which 

previous studies have shown involves two consensus binding sites for CREB and NF-κB 

in the promoter region of Nurr1. Our studies are in agreement and show that the 

upregulation of Nurr1 expression by the EP1 receptor involves the activation of CREB 

and NF-κB signaling. In HEK-hEP1 cells we provide strong evidence for the ability of 

PGE2 to stimulate PKA activity and to phosphorylate CREB in a cAMP-independent 

manner. Moreover, this may represent a general phenomenon common for G-protein 

coupled receptors, because angiotensin II elicited similar effects on PKA in rat aortic 

smooth muscle cells [73]. Endothelin-1 has also been shown to stimulate a cAMP- 

independent activation of PKA in aortic smooth muscle cells [72]; however, the cAMP- 

independent activation of PKA by the EP1 receptor has never been reported. The 

mechanism of the cAMP-independent activation of PKA has been studied by Zhong et al 

[84] and Voyno-Yasenetskaya et al [80]. They both implicated a role for IκB degradation, 

which results in the release of PKAc and the activation PKA. The present work 

demonstrates for the first time that activation of the EP1 receptor stimulates PKA may 

involves IκB phosphorylation. This suggests the cAMP independent activation of PKA 

involving the degradation of IκB is more widespread and is relevant to other G protein-

coupled receptors. IκB degradation can be mediated by a variety of mechanisms, 

including protein kinase C [85] [86], mitogen-activated protein kinase [87], or 

Akt/protein kinase B [88]. In HEK-hEP1 cells, IκB degradation involves the activation of 

Rho since C3 toxin blocked the PGE2 induced IκB phosphorylation. 
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CREB is a nuclear transcription factor and is a critical regulator of cell differentiation, 

proliferation and survival in the nervous system [91]. Additionally, recent studies have 

shown that CREB is involved in tumor initiation, progression and metastasis, supporting 

its role as a proto-oncogene [89] [90]. CREB can be activated by phosphorylation at 

Ser133 by multiple serine/threonine kinases including PKA, PKC, Ca2+/CAMKII and 

MAPK. Therefore, we used inhibitors of PKA, PKC, Ca2+ and MAPK to examine their 

effects on the EP1 receptor mediated phosphorylation of CREB. Our results show that 

only inhibitors of PKA were effective in blocking the phosphorylation CREB and its 

corresponding CRE reporter gene activity, which indicates that PKA is involved in the 

phosphorylation of CREB even without the formation of cAMP. Recently, it has shown 

that p90 ribosomal S6 kinase can also phosphorylate and activate CREB [90]. We have 

previously found an EP1 receptor mediated activation of ribosomal S6 kinase activity 

through a PI3K-AKT pathway, however, this pathway is unlikely to be involved in the 

present phosphorylation of CREB since it was not blocked by the PI3K inhibitor 

wortmannin (Figure 4.2C). This confirms that the EP1 receptor mediated phosphorylation 

of CREB and upregulation of Nurr1 primarily involves the activation of PKA. 

 

Nurr1 belongs to an orphan nuclear receptor family that includes Nur77, Nurr1 and 

NOR1 [92]. Nurr1 is known to regulate cell survival and death in response to 

extracellular stimuli. For example, Glass etc have shown that the induction of Nurr1 in 

microglia and astrocytes protects dopaminergic neurons from inflammation-induced 
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death [93]. Similarly Inamoto etc, have shown that 1,1-bis(3′-indolyl)-1-(p-

chlorophenyl)methane activates Nurr1 and inhibits bladder cancer growth (Teruo 

Inamoto 2008). Therefore it is controversial as to whether the expression of Nurr1 can 

invariably lead to cell survival or cell death. Interestingly, induction of Nur77 has been 

found to enhance SHSY5Y cell death caused by 6-hydroxydopamine [94]. Our present 

findings showing the upregulation of Nurr1 in SHSY5Y cells suggest a possible 

mechanism for explanining EP1 receptor mediated neurotoxicity. 
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Figure 4.1 Time course for the PGE2 stimulated upregulation of Nurr1 protein (A), 
mRNA expression (B) in HEK cells stably expressing the human EP1 receptor. A, 
HEK-hEP1 cells were incubated with 1 µM PGE2 at 37°C for the indicated times and 
were subjected to immunoblot analysis using antibodies against human Nurr1 or ERK1/2 
as described in Experimental Procedures. A representative immunoblot is shown from 
one of three independent experiments. B, HEK-hEP1 cells were incubated with 1 µM 
PGE2 at 37°C for the indicated times and then RNA was isolated and used for 
quantitative real-time PCR with primers specific for either Nurr1 or GAPDH as described 
in Experimental Procedures. Data were analyzed by the comparative ΔΔCt method 
relative to the expression of GAPDH. Data are the means ± S.E.M. (n = 6) of the pooled 
data from two independent experiments each done in triplicate. *** p < 0.001; compared 
to corresponding vehicle treatment; 2-way ANOVA, followed by Bonferroni post test.  
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Figure 4.2 cAMP response element (CRE) luciferase  reporter gene activity 
following pretreatment of cells with either vehicle or 1 µM PGE2 (A); The time 
course of  PGE2 stimulated phosphorylation of CREB in HEK cells stably 
expressing the human EP1 receptor (B), or The effects of BIM, BAPTA/AM, 
Wortmanin (C), H89 and PKI on the PGE2 stimulated phosphorylation of CREB 
(D). A, Cells were transiently transfected with a reporter plasmid under the control of a 
CREB response element (CRE) following treatment with either vehicle (veh) or 1 µM 
PGE2, and luciferase activity was determined as described in Experimental procedures. B, 
HEK-hEP1 cells were treated with 1 µM PGE2 for indicated times at 37°C and lysates 
were prepared and subjected to immunoblot analysis either with antibodies against 
phospho-CREB (Ser133) or CREB as described in Experimental Procedures. C, HEK-
hEP1 cells were pretreated with either vehicle or BAPTA/AM, BIM, wortmanin for 30 
min and were then treated with either vehicle or 1 µM PGE2 for 15 min at 37°C. Lysates 
were prepared and subjected to immunoblot analysis with antibodies against either 
phosphor-CREB or CREB as described in Experimental Procedure. D, HEK-hEP1 cells 
were pretreated with either vehicle or H89 or PKI for 30 min and were then treated with 
either vehicle (veh) or 1 µM PGE2 for 15 min at 37°C. Lysates were prepared and 
subjected to immunoblot analysis with antibodies against either phospho-CREB or CREB 
as described in Experiemental Procedure. The upper of the immunoblots shown in each 
panel represents results obtained with antibodies against phospho-CREB (pCREB). This 
antibody also detects the phosphorylated form of the CREB-related protein known as 
ATF1 (pATF1). The lower of the immunoblots shown in each panel contains the results 
obtained with antibodies that recognize total CREB (phosphorylated and 
nonphosphorylated). 
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Figure 4.3 NF-κB luciferase reporter gene activity in control HEK-pCEP4 cells or 
HEK-hEP1 cells following treatment with either vehicle (veh) or 1 µM PGE2 (A); 
Time course for PGE2 stimulated phosphorylation of IκBα  in HEK-hEP1 cells (B). 
A, HEK-hEP1 cells were transiently transfected with a reporter plasmid under the control 
of a NF-κB binding element and luciferase activity was determined as described in 
Experimental Procedures. Data are the means ± S.E.M. of duplicate measurements from a 
representative experiment that was repeated three times. *** p < 0.001; compared to 
corresponding vehicle treatment; 2-way ANOVA, followed by Bonferroni post test. B, 
HEK-hEP1 cells were treated with 1 µM PGE2 for indicated times at 37°C and lysates 
were prepared and subjected to immunoblot analysis either with antibodies against 
phospho-IκBα (Ser32/36) or vinculin as described in Experimental Procedures. A 
representative immunoblot is shown from one of the three independent experiments. 
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Figure 4.4 The effects of BAPTA/AM, BIM (A) and BAY11-7082, dominant negative 
CREB (DN-CREB) (B) on PGE2 stimulated upregulation of Nurr1 expression in 
HEK cells stably expressing the human EP1 receptor; And the effect of BAY11-7082 
on Nurr1 reporter gene activity in HEK cells stably expressing the human EP1 
receptor (C) or the effect of DN-CREB on Nurr1 reporter gene activity in HEK cells 
stably expressing the human EP1 receptor (D). A, HEK-hEP1 cells were pretreated 
with either vehicle (control) or BAPTA/AM, BIM for 30 min following by treatment with 
either vehicle or 1 µM PGE2 for 3 h at 37°C. Lysates were prepared and subjected to 
immunoblot analysis with antibodies against either Nurr1 or vinculin as described in 
Experimental Procedures. B, HEK-hEP1 cells were pretreated with either vehicle or 10 
µM BAY117082 (BAY), for 30 min at 37°C followed by treatment with either vehicle 
(veh) or 1 µM PGE2 for 3 h at 37°C. Transfection of DN-CREB was described before in 
the Experimental Procedures. Lysates were prepared and subjected to immunoblot 
analysis either with antibodies against Nurr1 or vinculin. C, HEK-hEP1 cells were 
transiently transfected with a reporter plasmid under the control of a Nurr1 response 
element (NBRE), then cells were pretreated with either vehicle or 10 µM BAY-117082, 
followed by treatment with either vehicle (veh) or 1 µM PGE2 at 37°C overnight, 
luciferase activity was determined as described in Experimental Procedures. D, HEK-
hEP1 cells were either transiently transfected with a reporter plasmid together with 
pcDNA (veh) or DN-CREB plasmid under the control of a Nurr1 response element 
(NBRE) followed by treatment with either vehicle (veh) or 1 µM PGE2 at 37°C overnight, 
luciferase activity was determined as described in Experimental Procedures. Data are the 
means + S.E.M. of duplicate measurements from a representative experiment that was 
repeated three times. *** p < 0.001; compared to corresponding vehicle treatment; 2-way 
ANOVA, followed by Bonferroni post test. 
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Figure 4.5 Time course of PGE2 stimulated PKA phosphorylation in HEK cells 
stably expressing the human EP1 receptor. HEK-hEP1 cells were incubated with 1 µM 
PGE2 at 37 oC for the indicated times and were subjected to immunoblot analysis using 
antibodies against phospho-PKAc (Thr197) or vinculin as described in Experimental 
Procedures. A representative immunoblot is shown from one of the three independent 
experiments. 
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Figure 4.6 The effects of H89 and PKI on PGE2 stimulated upregulation of Nurr1 
expression in HEK cells stably expressing the human EP1 receptor (A); The effect of 
H89 on the stimulation of Nurr1 reporter gene activity (B) in HEK cells stably 
expressing the human EP1 receptor. A, HEK-hEP1 cells were pretreated with either 
vehicle or 10 µM H89 or 5 µM PKI for 30 min followed by treatment with 1 µM PGE2 at 
37 oC for the 3 h. Lysates were prepared and subjected to immunoblot analysis with 
antibodies against either Nurr1 or vinculin as described in Experimental Procedures. B, 
HEK-hEP1 cells were transiently transfected with a reporter plasmid under the control of 
a Nurr1 response element (NBRE), cells were pretreated with either vehicle or 10 µM 
H89, followed by treatment with either vehicle (veh) or 1 µM PGE2, luciferase activity 
was determined as described in Experimental Procedures. Data are the means + S.E.M. of 
duplicate measurements from a representative experiment that was repeated three times. 
*** p < 0.001; compared to corresponding vehicle treatment; 2-way ANOVA, followed 
by Bonferroni post test. 
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Figure 4.7 Time course of PGE2 stimulated phosphorylation of NF-κB in HEK cells 
stably expressing the human EP1 receptor (A); or the effects of H89 and PKI on the 
PGE2 stimulated phosphorylation of NF-κB (B); The effects of H89 on the PGE2 
stimulated NF-κB luciferase reporter gene activity (C). A, HEK-hEP1 cells were 
treated with 1 µM PGE2 for indicated times at 37 oC and lysates were prepared and 
subjected to immunoblot analysis either with antibodies against phopho-NF-κB or 
vinculin as described in Experimental Procedures. B, HEK-hEP1 cells were pretreated 
with either vehicle or 10 µM H89 or 5 µM PKI, followed by treatment with either vehicle 
(veh) or 1 µM PGE2 at 37 oC for 1 h. Lysates were prepared and subjected to immunoblot 
analysis as above. Data are representative of at least three independent experiments for 
each antibody and condition. C, HEK-hEP1 cells were transiently transfected with a 
reporter plasmid under the control of a NF-κB reporter gene then cells were pretreated 
with either vehicle or 10 µM H89, followed by treatment with either vehicle (veh) or 1 
µM PGE2 and luciferase activity was determined as described in Experimental 
Procedures. Data are the means + S.E.M. of duplicate measurements from a 
representative experiment that was repeated three times. *** p < 0.001; compared to 
corresponding vehicle treatment; 2-way ANOVA, followed by Bonferroni post test. 
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Figure 4.8 The effects of DN-G12 and DN-G13 on PGE2 stimulated upregulation of 
Nurr1 expression in HEK cells stably expressing the human EP1 receptor (A); The 
effect of DN-G12 and DN-G13 on PGE2 stimulated Nurr1 responsive luciferase 
reporter gene activity (B). A, HEK-hEP1 cells were transiently transfected with pcDNA 
(veh), DN-G12, DN-G13, followed by treatment with 1 µM PGE2 at 37 oC for 3 h and were 
subjected to immunoblot analysis using antibodies against Nurr1 or vinculin as described 
in Experimental Procedures. A representative immunoblot is shown from one of the three 
independent experiments. The histograms represent the western blot assessed by the 
pooled densitometry data from three independent experiments. B, HEK-hEP1 cells were 
transiently transfected with a reporter plasmid under the control of a Nurr1 response 
element (NBRE) together with pcDNA (veh), DN-G12 or DN-G13, followed by treatment 
with either vehicle (veh) or PGE2, luciferase activity was determined as described in 
Experimental Procedures. Data are the mean + S.E.M of duplicate measurements from a 
representative experiment that was repeated three times. *** p < 0.001; compared to 
corresponding vehicle treatment; 2-way ANOVA, followed by Bonferroni post test. 
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Figure 4.9 The effects of Dominant negative G12 (DN-G12) and Dominant negative 
G13 (DN-G13) on PGE2 stimulated NF-κB luciferase reporter gene activity (A) and 
CRE luciferase reporter gene activity (B). A, HEK-hEP1 cells were transiently 
transfected with a reporter plasmid under the control of NF-κB response element together 
with pcDNA (veh), DN-G12 or DN-G13, followed by treatment with either vehicle (veh) 
or PGE2 and luciferase activity was determined as described in Experimental Procedures. 
B, HEK-hEP1 cells were transiently transfected with a reporter plasmid under the control 
of CREB response element together with pcDNA (veh), DN-G12 or DN-G13, followed by 
treatment with either vehicle (veh) or PGE2 over night and luciferase activity was 
determined as described in Experimental Procedures. Data are the mean + S.E.M of 
duplicate measurements from a representative experiment that was repeated three times. 
** p < 0.01; compared to corresponding vehicle treatment; 2-way ANOVA, followed by 
Bonferroni post test. 
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Figure 4.10 The effects of C3 toxin on PGE2 stimulated up regulation of Nurr1 
expression (A) and IκBα  phosphorylation in HEK cells stably expressing the human 
EP1 receptor. A, HEK-hEP1 cells were pretreated with 5 µM C3 toxin overnight and 
followed by treatment with 1 µM PGE2 at 37 oC for the 3 h. Lysates were prepared and 
subjected to immunoblot analysis with antibodies against either Nurr1 or vinculin as 
described in Experimental Procedures. B, HEK-hEP1 cells were pretreated with either 
vehicle or 5 µM C3 toxin overnight followed by the treatment with 1 µM PGE2 at 37 oC 
for 1 h. Lysates were prepared and subjected to immunoblot analysis with antibodies 
against either p-IκBα or vinculin as described in Experimental Procedures. A 
representative immunoblot is shown from one of three independent experiments. 
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Figure 4.11 Time course of PGE2 stimulated upregulation of Nurr1 in SHSY5Y cells 
either with vehicle or a selective EP1 receptor antagonist SC51322 (A); or PGE2 
stimulated upregulation of Nurr1 mRNA expression in SHSY5Y cells(B); Time 
course of PGE2 simulated phosphorylation of CREB with vehicle and a selective 
EP1 receptor antagonist SC51322 (C). A, SHSY5Y cells were pretreated with either 
vehicle (veh) or 1 µM SC51322 for 30 minutes followed by treatment with 1 µM PGE2 at 
37°C for the indicated times and were subjected to immunoblot analysis using antibodies 
against human Nurr1 or vinculin as described in Experimental Procedures. A 
representative immunoblot is shown from one of three independent experiments. B, 
SHSY5Y cells were incubated with 1 µM PGE2 at 37°C for the indicated times and then 
mRNA was isolated and used for quantitative real-time PCR with primers specific for 
either Nurr1 or GAPDH as described in Experimental Procedures. Data were analyzed by 
the comparative ΔΔCt method relative to the expression of GAPDH. Data are the means 
± S.E.M. (n = 6) of the pooled data from two independent experiments each done in 
triplicate. C, SHSY5Y cells were pretreated with either vehicle (veh) or 1 µM SC51322 
for 30 min followed by treatment with 1 µM PGE2 at 37°C for the indicated times and 
were subjected to immunoblot analysis using antibodies against phosphor-CREB or 
CREB as described in Experimental Procedures. The upper of the immunoblots shown in 
each panel represents results obtained with antibodies against phospho-CREB (pCREB). 
This antibody also detects the phosphorylated form of the CREB-related protein known 
as ATF1 (pATF1). The lower of the immunoblots shown in each panel contains the 
results obtained with antibodies that recognize total CREB (phosphorylated and 
nonphosphorylated). A representative immunoblot is shown from one of three 
independent experiments. 
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Figure 4.12 Effects of BAY11-7082, H89 and SC51322 on the stimulation of Nurr1 
reporter gene activity. SHSY5Y cells were transiently transfected with a reporter 
plasmid under the control of a Nurr1 response element (NBRE) then were pretreated with 
either vehicle or 10 µM BAY11-7082, 10 µM H89 or 1 µM SC51322 for 30 minutes, 
followed by treatment with either vehicle (veh) or 1 µM PGE2 overnight.  Luciferase 
activity was determined as described in Experimental Procedures. Data are the means + 
S.E.M. of duplicate measurements from a representative experiment that was repeated 
three times. 
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CHAPTER  FIVE 

CHARACTERIZATION OF THE SIGNALING PATHWAYS INVOLVED IN 

THE REGULATION OF HIF-1α EXPRESSION BY THE ACTIVATION OF EP1 

PROSTANOID RECEPTORS 
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5.1 Introduction 

Hypoxia inducible factor-1α (HIF-1α) is a master transcription factor that controls the 

expression of many genes involved in the hypoxic response, including several that 

regulate angiogenesis (95). The expression of HIF-1α is classically regulated by 

increased protein stability, resulting from decreased protein degradation in response to 

hypoxia [95]. Thus, HIF-1α is constitutively expressed in most cells, but under normoxic 

conditions it undergoes continuous ubiquitin-mediated degradation following 

hydoxylation on regulatory proline residues. The prolyl hydrolases that carry out the 

hydroxylation of HIF-1α utilize molecular oxygen and are also sensitive to the 

concentration of O2 in the cell [96]. Decreases in the partial pressure of O2 during 

hypoxia decrease the activity of these enzymes and result in the stabilization and 

upregulation of HIF-1α expression. Although less fully appreciated, HIF-1α upregulation 

is known to occur under normoxic conditions in response to receptor-mediated activation 

by a variety of cytokines and hormones [97]. The signaling pathways involved in the 

receptor-mediated upregulation of HIF-1α under normoxic conditions typically involve 

the activation of PI3K and Akt signaling and/or MAP kinase signaling. However, in 

contrast to the decreased degradation of HIF-1α that occurs during hypoxia, the receptor-

mediated upregulation of HIF-1α during normoxia is typically the result of an increase in 

translation and/or transcription, similar to that reported here for the EP1 receptor. 

Although PGE2 has been previously reported to upregulate the expression of HIF-1α 

under normoxic conditions in A549 lung carcinoma cells, the mechanism of this 
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activation was not investigated and was considered to be a downstream consequence of 

an IL-1β mediated upregulation of COX-2 expression [98].  

 

Like PGE2, many of the cytokines that can upregulate the expression of HIF-1α are also 

involved in the inflammatory response. Well-characterized examples include IL-1β and 

TNF-α, which have been shown to upregulate HIF-1α under normoxic conditions. For 

example in human synovial fibroblasts, IL-1β and TNF-α increased HIF-1α mRNA and 

functional expression of HIF-1 [99]. HIF-1α translocates to the nucleus and combines 

with HIF-1β to form HIF-1, the functionally active transcription factor. HIF-1 is a master 

transcription factor that has been shown to affect the expression of gene families, 

including those involved in angiogenesis, erythropoiesis, energy metabolism and 

epithelial-mesenchymal transition [95]. Increasingly HIF-1 is being recognized as a 

critical player in the inflammatory response. This was clearly demonstrated by a targeted 

deletion of HIF-1α in the myeloid cells of mice in which the inflammatory response was 

greatly decreased [100]. In addition, the expression of a variety of hypoxia-responsive 

genes was significantly diminished under both normoxic and hypoxic conditions 

indicating the critical role of HIF-1α in both normoxic and hypoxic gene regulation.  

 

Another key player in the inflammatory response is cyclooxygenase-2 (COX-2), which is 

strongly upregulated in the earliest phases of inflammation and remains elevated 
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throughout the inflammatory response [101]. Typically the expression of microsomal 

prostaglandin-E synthase-1 (mPGES-1) is simultaneously upregulated leading to marked 

increase in the tissue concentration of PGE2. A similar upregulation of COX-2 has also 

been well documented in a wide variety of tumors lending strong support to the idea that 

chronic inflammation is a key event in tumorigenesis [102]. Hepatocellular carcinoma 

(HCC) is one example of a cancer in which there is good evidence for a role of COX-2 

and prostaglandin signaling in the development of hepatic inflammation and malignant 

transformation [103]. Thus, COX-2 is overexpressed in HCC and its expression 

progessively increases as the liver goes from a stage of chronic hepatitis, to cirrhosis, to a 

pre-malignant condition and finally to cancer. In addition, the concentation of PGE2 is 

increased in HCC and exogenous PGE2 has been shown to drive hepatic cancer cell 

growth and invasiveness. 

 

5.2 Experimental Procedures 

Materials.	  Trizol® Reagent, Dulbecco’s modified Eagle’s medium (DMEM), Opti-MEM, 

hygromycin B, geneticin, gentamicin, pcDNA3, pCEP4 and HEK293-EBNA cells were 

from Invitrogen (Carlsbad, CA). iScript cDNA kit was from Biorad (Hercules, CA). 

Antibodies against HIF-1α were from BD Sciences (San Jose, CA). Anti-mouse IgG 

conjugated with horseradish peroxidase and vinculin antibodies were from Sigma-

Aldrich (St. Louis, MO). PVDF membranes were from Bio-Rad Laboratories (Hercules, 

CA). Cell lysis buffer and antibodies against phospho-S-6 ribosomal protein 
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(Ser235/Ser236; product #2211) were from Cell Signaling Technology (Waltham, MA). 

PGE2 and sulprostone were from Cayman Chemical Company (Ann Arbor, MI). 

Pertussis toxin, wortmannin, rapamycin, Akt inhibitor and Jak inhibitor I was from 

Calbiochem (San Diego, CA). FuGENE 6 was from Roche (San Francisco, CA). The 

Dual Luciferase Reporter Assay System and the Renilla luciferase reporter, pRL-CMV, 

were from Promega (Madison, WI). Dominant-negative Gαq (q Q209L/D277N) was 

obtained from the Missouri S&T cDNA Resource Center 

(http://www.cdna.org/index.html). TaqMan Gene Expression Assays were from Applied 

Biosystems (Foster City, CA) and corresponded to the following gene symbols and assay 

I.D. numbers: GAPDH (Hs99999905_m), HIF-1α (Hs00153153_m1), EGR-1 

(Hs00152928_m1), PKG1 (Hs99999906_m1), CTGF (Hs00170014_m1), GLUT1 

(Hs00892681_m1), VEGF-A (Hs00900054_m1), VEGF-C (Hs01099203_m1) and EPO 

(Hs01071097_m1).  

 

Cell Culture. HEK-hEP1 Cells were maintained in DMEM supplemented with 10% fetal 

bovine serum (FBS), 250 µg/ml geneticin, 100 µg/ml gentamicin, and 200 µg/ml 

hygromycin B. Human hepatocellular carcinoma cells (HepG2) were obtained from the 

American Type Culture Collection (Manassas, VA) and cultured in modified Eagle’s 

medium containing 10% FBS. Cells were cultured in a humidified incubator at 37°C in 

5% CO2/95% air.  
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Western Blotting. Cells were split into 6-well plates at a density of 106 cells/well and 

incubated overnight. They were then treated with 1 µM PGE2 for indicated times and 

immumoblotting was performed essentially as previously described [104]. In short, cell 

lysates were prepared and measured for protein content using the Bradford assay. 

Approximately 100 µg of protein was electrophoresed on 10% SDS-PAGE gels and 

transferred to PVDF membranes. Membranes were incubated overnight at 4°C with 

primary antibodies and then for 1 h at room temperature with the secondary antibodies. 

Anti-phospho-S6K and anti-HIF-1α antibodies were used at a dilution of 1:1000 and 

1:200, respectively, in 3% non-fat milk. Horseradish peroxidase conjugated secondary 

antibodies were used at a dilution of 1:10000 in 3% non-fat milk. After incubation with 

secondary antibodies, the membranes were washed and immunoreactivity was detected 

by enhanced chemiluminescence. To ensure equal loading of proteins, the membranes 

were stripped and re-probed with anti-vinculin antibodies.  

 

HRE Reporter Gene Assay. Cells were split into 6-well plates, grown to ~75% 

confluence, and ~24 h later, the cells were co-transfected with 2 µg/well of a firefly 

luciferase reporter plasmid under the control of a HIF response element (pGL3/HRE-

Luc27) and 10 ng/well of the Renilla luciferase reporter pRL-CMV using 5 µL FuGENE 

6. Cultures were then treated with either vehicle (0.1% dimethylsulfoxide in phosphate-

buffered saline solution) or 1 µM PGE2 for 18 h. Cells were harvested and 5 µL of the 

lysates were taken to measure luciferase activity using the Dual Luciferase Reporter 
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Assay System (Promega) according to the manufacturer’s instructions. The data were 

normalized by calculating ratios of firefly luciferase scores to the corresponding Renilla 

luciferase values.  

 

Quantitative Real-Time PCR. Total RNAs were isolated using either Trizol® Reagent 

according to the manufacturer’s instructions. The RNA integrity was verified by 1% 

agarose gel electrophoresis and the quantity was determined by spectrophotometry. 

cDNAs were prepared from ~500 ng total RNA using the iScript cDNA synthesis kit. 

mRNA expression was determined using the TaqMan Gene Expression Assay primers 

listed in Materials above. PCR reactions were subjected to 40 cycles of 95°C for 15 s	  

and 60°C for 45 s in an ABI 7500 real time PCR system. Threshold values (Ct) were 

determined automatically by the system software and relative mRNA expression was 

analyzed by the comparative ΔΔCt method. Data were normalized to the mRNA 

expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  

 

5.3 Results 

Normoxic upregulation of HIF-1α expression by PGE2 in HEK cells expressing the 

human EP1 receptor. A preliminary DNA microarray study was conducted to profile 

the expression of genes that were potentially regulated by PGE2 stimulation of the human 

EP1 prostanoid receptor (X.B. Chen & Regan, unpublished). Briefly, HEK-hEP1 cells 
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were treated with 1 µM PGE2 for various periods of time and changes in gene expression 

relative to vehicle treated cells were examined using Affymetrix human genome arrays. 

Among the genes that were found to be most strongly upregulated were two related to the 

regulation of angiogenesis. Although the gene expression (mRNA) of HIF-1α was 

unchanged by treatment with PGE2, we hypothesized that changes in the protein 

expression of HIF-1α might be responsible for global changes in angiogenic gene 

expression. We, therefore, used Western blot analysis to examine potential PGE2 

stimulated upregulation of HIF-1α expression in HEK-hEP1 cells maintained under the 

routine normoxic conditions of cell culture (95% air/5% CO2). Figure 5.1A shows an 

immunoblot for the expression of HIF-1α and vinculin in HEK-hEP1 cells following 

treatment with 1 µM PGE2 for various periods of time between 0 (untreated) and 12 h. A 

low level of HIF-1α expression was present at 0 h, which was unchanged after 1 h 

treatment with PGE2, but after 3, 6 and 12 h of treatment, a marked upregulation of HIF-

1α was observed. On the other hand, the expression of vinculin remained essentially 

constant at all time points.  

 

A luciferase reporter gene construct under the control of a HIF response element (HRE) 

was used to examine if the upregulation of HIF-1α following PGE2 stimulation of the 

EP1 receptor could potentially stimulate transcriptional activity of HIF-1 target genes. 

Figure 5.1C shows that in HEK cells expressing the human EP1 receptor PGE2 stimulated 

HRE mediated luciferase activity nearly 3-fold, but had no significant effect in control 
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cells expressing the empty pCEP4 vector. These results indicate that the upregulation of 

HIF-1α by agonist stimulation the EP1 receptor results in functional interactions with 

HIF-1β and activation of the HRE.  

 

Upregulation of HIF-1α expression mediated by the EP1 receptor does not involve 

an increase in gene transcription. Quantitative real time PCR was used to examine the 

expression of HIF-1α mRNA in HEK-hEP1 cells treated with 1 µM PGE2 and the results 

are shown in Figure 5.1B. In contrast to the upregulation of HIF-1α protein expression 

observed in Figure 5.1A, there were no changes in the expression of HIF-1α mRNA at 1 

and 3 h following treatment with PGE2. These results indicate that PGE2 stimulated 

upregulation of HIF-1α expression mediated by the EP1 receptor does not involve 

changes in gene transcription, which is consistent with known mechanisms for the 

upregulation of HIF-1α in response to hypoxia. 

 

Upregulation of HIF-1α expression mediated by the EP1 receptor appears to be 

translational and does not involve a decrease in 26S proteasome activity or 

decreased ubiquitination of HIF-1α. It is well established that under normoxic 

conditions HIF-1α is constitutively expressed and subsequently degraded by the activity 

of the 26S proteasome so that accumulation does not occur and the levels of HIF-1α 

protein expression remain very low [95]. Recognition of HIF-1α by the 26S proteasome 

requires the ubiquitination of HIF-1α by the von Hippel-Lindau protein (pVHL)/ubiquitin 
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E3 ligase complex, which in turn depends upon the hydroxylation of regulatory proline 

residues in HIF-1α by oxygen sensitive prolyl hydroxylases [119]. Thus, the upregulation 

of HIF-1α expression mediated by the EP1 receptor under normoxic conditions could 

potentially involve decreased protein degradation, either by a gobal decrease in 26S 

proteosome activity, or by a specific decrease in the hydroxylation and/or ubiquitination 

of HIF-1α. 

 

We, therefore, used immunoprecipitation and immunoblot analysis with antibodies 

against HIF-1α and ubiquitin to examine the ratio of ubiquitinated HIF-1α to total HIF-1α 

following treatment of HEK-hEP1 cells with either vehicle or 1 µM PGE2 for 6 h. For 

these experiments the cells were pretreated for 4 h with 25 µM MG132 to inhibit the 

constitutive degradation of HIF-1α by the 26S proteosome. Figure 5.2A shows a 

representative immunoblot and a bar graph of the pooled data from three experiments 

following immunoprecipitation with antibodies against HIF-1α and then immunoblotting 

with antibodies against either ubiquitin or HIF-1α. As shown in the bar graph, treatment 

with PGE2 resulted in similar, ~1.5-fold increases in the expression of ubiquitinated HIF-

1α and total HIF-1α; thus, the ratio of ubiquitinated HIF-1α to total HIF-1α did not 

change following treatment with PGE2. These findings indicate that the EP1 receptor 

induced upregulation of HIF-1α is not a consequence of decreased ubiquitin mediated 

degradation resulting from either decreased prolyl hydroxylation of HIF-1α or decreased 

activity of the E3 ubiquitin ligase. The 26S proteasome inhibitor, MG132, was also used 

to examine if the upregulation of HIF-1α could be attributed solely to a generalized 
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decrease in the activity of 26S proteasome. Figure 5.2B shows an immunoblot of the time 

courses for the PGE2 stimulated upregulation of HIF-1α expression in HEK-hEP1 cells 

under control conditions or following pretreatment with MG132. It is immediately 

apparent that pretreatment with MG132 caused a dramatic upregulation in the expression 

of HIF-1α at all time points including the zero time point. This result confirms that under 

normoxic conditions HIF-1α expression in HEK cells is largely under the control of a 

classic mechanism involving constitutive proteasome mediated degradation. However, it 

is also evident that even after inhibiting the 26S proteasome, the expression of HIF-1α 

was upregulated following 3 and 6 h of treatment with 1 µM PGE2. Three additional 

experiments were conducted to examine the effect of MG132 on the expression of HIF-

1α following the treament of HEK-hEP1 cells with either vehicle or 1 µM PGE2 for 6 h. 

For these experiments, the expression of HIF-1α was analyzed by immunoblot analysis 

and then quantified by densitometry. As shown in Figure 5.2C, treatment with PGE2 

resulted in a statistically significant 1.6-fold increase in the expression of HIF-1α 

following the inhibition of the 26S proteosome with MG132. Although decreased 

degradation of HIF-1α cannot be completely excluded, these findings strongly suggest 

that an additional mechanism, such as increased translation, is responsible for the 

upregulation of HIF-1α by the EP1 receptor. 

 

Upregulation of HIF-1α expression mediated by the EP1 receptor involves the 

activation of PI3K, Akt and mTOR signaling. An important mechanism of 

translational control involves the activity of the ribosomal S6 kinases, which in turn, are 
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regulated by the activity of the PI3K, Akt and the mammalian target of rapamycin 

(mTOR) signaling pathways [105]. We, therefore, decided to examine the potential 

involvement of PI3K, Akt and mTOR signaling in the EP1 receptor mediated 

upregulation of HIF-1α expression through the use of wortmannin, Akt inhibitor and 

rapamycin, which are selective inhibitors of PI3K, Akt and mTOR, respectively. Figure 

5.3A shows that pretreatment of HEK-hEP1 cells with any one of these inhibitors 

completely blocked the upregulation of HIF-1α protein expression mediated by PGE2 

and suggests that the EP1 receptor mediated upregulation of HIF-1α occurs as a result of 

increased translation that is driven by the activation of PI3K, Akt and mTOR signaling. 

 

Pretreatment of HEK-hEP1 cells with pertussis toxin blocks the PGE2 stimulated 

upregulation of HIF-1α expression by the EP1 receptor. Given the coupling of the 

EP1 receptor to Gq/11 and its well established ability to stimulate intracellular Ca2+ 

mobilization, we examined the effects of the intracellular Ca2+ chelator, BAPTA/AM, 

and the protein kinase C (PKC) inhibitor, BIM, on the PGE2 stimulated upregulation of 

HIF-1α by the human EP1 receptor. As shown in Figure 5.3B,  pretreatment of HEK-

hEP1 cells with either BAPTA/AM or BIM did not significantly inhibit the PGE2 

stimulated upregulation of the expression of HIF-1α, suggesting that coupling to Gq/11 

and activation of Ca2+/PKC signaling were not involved in mediating this response. We 

have recently found that the human EP4 prostanoid receptor can activate PI3K signaling 

by coupling to a pertussus toxin sensitive G-protein [121]. In addition, a number of 
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GPCRs that traditionally were considered to couple exclusively to Gq/11 have been found 

to couple to Gi/o and activate PI3K signaling [106]. We, therefore, decided to use the Gi/o 

inhibitor, pertussis toxin, to examine the potential involvement of Gi/o in upregulation of 

HIF-1α expression mediated by the human EP1 receptor. Figure 5.3C shows that 

pretreatment of HEK-hEP1 cells with pertussis toxin completely blocked the PGE2 

stimulated upregulation of HIF-1α as compared with the vehicle treated control cells. 

These data indicate that the upregulation of HIF-1α expression mediated by the EP1 

prostanoid receptor requires coupling of the receptor to Gi/o.  

 

PGE2 stimulation of the EP1 receptor induces phosphorylation of ribosomal protein 

S6 and requires Gi/o mediated activation of PI3K signaling. Ribosomal protein S6 

(rpS6) is one of the primary targets of the ribosomal S6 kinases and is a key regulator of 

translation and cell growth [107]. The activity of the ribosomal S6 kinases is in turn 

regulated both directly and indirectly by the activation of PI3K and/or mTOR signaling. 

Two key sites of rpS6 phosphorylation that reflect activation of the ribosomal S6 kinases 

are Ser235/Ser236. We, therefore, examined the phosphorylation of rpS6 on 

Ser235/Ser236 following the treatment of HEK-hEP1 cells for various periods of time 

with 1 µM PGE2. As shown by the immunoblot in Figure 5.4A, PGE2 treatment of HEK-

hEP1 cells increased the phosphorylation of rpS6 over basal levels after just 1 h and was 

maintained for up to 24 h. The evidence that the PGE2 induced phosphorylation of rpS6 

precedes the upregulation of HIF-1α is supportive for a putative role of activation of the 
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ribosomal S6 kinases in the translation control of HIF-1α expression following activation 

the human EP1 receptor.  

 

Next, HEK-hEP1 cells were pretreated with either pertussis toxin or wortmannin to 

examine the potential involvement of coupling to Gi/o and PI3K signaling in the PGE2 

induced phosphorylation of rpS6. Figures 5.4B and 5.4C, respectively, show that 

pretreatment of cells with either pertussis toxin or wortmannin decreased the PGE2 

stimulated phosphorylation of rpS6 as compared with the vehicle treated control cells and 

suggests that coupling to Gi/o and activation of PI3K signaling by PGE2 stimulation of the 

EP1 receptor results in the activation of ribosomal S6 kinase activity.  

 

EP1 and EP2, but not EP3 and EP4, prostanoid receptors are expressed in the 

HepG2 hepatocellular carcinoma cell line. HepG2 cells were used to examine the 

potential of natively expressed endogenous EP1 receptors to couple to Gi/o and upregulate 

the expression of HIF-1α. HepG2 cells were chosen because it has been previously 

shown that prostaglandin synthesis contributes to the growth of these cells by a 

mechanism involving the activation of Akt, although the specific prostanoid receptors 

contributing to this response are unknown [108]. In addition, it is well known that the 

expression of HIF-1α is important in cancer growth and metastasis [95] and we were 

interested in the potential normoxic upregulation of HIF-1α by PGE2 in cancer cells. PCR 
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with primers specific for the EP1, EP2, EP3 and EP4 receptors was used to examine the 

expression of the EP prostanoid receptor subtypes in RNA prepared from HepG2 cells 

and from SH-SY5Y cells, a neuroblastoma cell line known to express endogenous EP1 

receptors [109]. As shown in Figure 5.5, HepG2 cells expressed the EP1 and EP2 

subtypes, but not the EP3 and EP4 subtypes. SH-SY5Y cells, on the other hand, 

expressed all four EP receptor subtypes.  

 

Sulprostone stimulates the upregulation of HIF-1α protein expression, but not 

mRNA, in HepG2 cells. HepG2 cells were used to examine the potential upregulation of 

HIF-1α protein and mRNA expression by the EP1/EP3 selective agonist sulprostone. The 

upper panel of Figure 5.6A shows an immunoblot of the expression of HIF-1α and 

vinculin following treatment of HepG2 cells with 1 µM sulprostone for various periods of 

time. In untreated cells (0 h) and following 1 h of treatment with PGE2 there was a low 

basal expression of HIF-1α, which increased progressively following 3, 6, 12 and 24 h of 

treatment. Treatment of HepG2 cells with sulprostone did not affect the expression of 

vinculin. The lower panel of Figure 5.6A shows the results of quantitative real time PCR 

for the expression of HIF-1α mRNA. As can be seen, there were no significant changes in 

the expression of HIF-1α mRNA following the treatment of HepG2 cells with 

sulprostone. These findings mirror the results obtained in HEK-hEP1 cells and show that 

sulprostone does not upregulate the expression of HIF-1α in HepG2 cells by increased 

transcription. In separate studies we have found that the human EP1 receptor also 
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mediates the upregulation of early growth response factor-1 (EGR-1) in HEK-hEP1 cells 

by increased transcription (Regan & Ji, unpublished). As a positive control for the 

measurement of transcriptional changes, we also examined the upregulation of EGR-1 

protein and mRNA expression by PGE2 in HepG2 cells. The immunoblot in the upper 

panel of Figure 5.6B shows that the expression of EGR-1 in HepG2 cells was increased 

following 1, 2 and 3 h of treatment with 1µM sulprostone. However, in contrast to the 

results obtained for HIF-1α, the lower panel of Figure 5.6B shows that EGR-1 mRNA 

expression increased ~3.5-fold after 1 h of treatment with sulprostone and then returned 

to baseline by 3 h.  

 

Pretreatment of HepG2 cells with pertussis toxin or rapamycin blocks the 

sulprostone stimulated upregulation of HIF-1α expression by the EP1 receptor. 

HepG2 cells were pretreated with pertussis toxin and then stimulated with the EP1/EP3 

selective agonist, sulprostone, to determine if the upregulation of HIF-1α observed with 

PGE2 treatment involved coupling of an EP1 receptor to Gi/o. As shown by the 

immunoblot in Figure 5.7A, treatment of HepG2 cells with sulprostone under control 

conditions resulted in a marked increase in the expression of HIF-1α with no observable 

change in the expression of vinculin. These results indicate that the PGE2 stimulated 

upregulation of HIF-1α in HepG2 cells is likely mediated by an EP1 receptor given that 

sulprostone is EP1 and EP3 selective and that HepG2 cells do not appear to express EP3 

receptors. Furthermore, pretreatment of HepG2 cells with pertussis toxin completely 
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blocked the sulprostone stimulated increase in HIF-1α expression indicating coupling of 

the endogenous EP1 receptor to Gi/o.  

 

Cells were pretreated with rapamycin and then stimulated with sulprostone to examine 

the potential involvement of mTOR signaling in the upregulation of HIF-1α expression 

mediated by the endogenous EP1 receptors in HepG2 cells. The immunoblot in Figure 

5.7B shows that pretreatment of HepG2 cells with rapamycin completely blocked the 

sulprostone stimulated increase in the expression of HIF-1α, suggesting that the 

mechanism involved in the upregulation of HIF-1α expression by the endogenous EP1 

receptor in HepG2 cells is similar to that characterized for the recombinant EP1 receptor 

expressed in HEK cells and involves the activation of mTOR signaling. We, therefore, 

examined a time course for the phosphorylation of ribosomal protein S6 (rpS6) following 

the treatment of HepG2 cells with sulprostone. As shown in Figure 5.7C treatment of 

HepG2 cells with 1 mM sulprostone resulted in an initial phosphorylation of rpS6 after 3 

h of treatment that increased after 6 h and was maintained up to 12 h. This sulprostone 

mediated phosphorylation of rpS6 at Ser235/Ser236 is consistent with EP1 receptor 

stimulation of mTOR signaling and activation of the ribosomal S6 kinases.  

 

Treatment of HepG2 cells with sulprostone results in the upregulation of VEGF-C 

mRNA expression. Numerous studies have documented the HIF-1α dependent 
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upregulation of dozens of genes in a wide variety of cell types following hypoxia [95]. 

These genes include regulators of angiogensis, such as vascular endothelial growth 

factors A and C (VEGF-A and VEGF-C), regulators of glycolytic metabolism, such as 

phosphoglycerate kinase 1 (PKG1) and the glucose transporter (GLUT1), as well as other 

growth factors and hormones such as connective tissue growth factor (CTGF) and 

erythropoietin (EPO). Using quantitative real time PCR we examined the mRNA 

expression of these six genes following the treatment of HepG2 cells with sulprostone to 

determine if activation of endogenous EP1 receptors under normoxic conditions could 

regulate the expression of any known HIF-1 regulated target genes. As shown in Figure 

5.8 treatment of HepG2 cells with 1 mM sulprostone resulted in clear time dependent 

increase in the mRNA expression of VEGF-C, with essentially no effect on the 

expression of the other genes. Figure 5.9 shows the relative transcript levels of these six 

genes at time 0, prior to treatment of the cells with sulprostone. The mRNA expression of 

PGK1, CTGF and GLUT1 were high, approximately half the transcript level of GAPDH, 

which may have precluded further upregulation of these genes by a receptor dependent 

mechanism. The expression of VEGF-A was approximately 5% of that of GAPDH, while 

the transcript levels of VEGF-C and EPO were more than a thousand times lower than 

the mRNA expression of GAPDH.  
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5.4 Discussion  

The EP1 prostanoid receptor is one of the four primary receptor subtypes for PGE2, the 

others being the EP2, EP3 and EP4 receptor subtypes. Interestingly in terms of its amino 

acid sequence identity with the other prostanoid receptors it is actually more closely 

related to the FP and TP receptors, followed by the EP3, EP2 and EP4 receptors [110]. Of 

the four EP receptors, the EP1 also has the lowest binding affinity for PGE2 and like the 

FP and TP receptors the EP1 is generally regarded to couple to Gq/11 as opposed to the 

EP2 and EP4 receptors that couple primarily to Gs and the EP3 receptors that couple 

primarily to Gi. As noted previously, however, the coupling of the EP1 receptor to Gq/11 

has occasionally been questioned because of its generally poor ability to stimulate the 

formation of intracellular inositol phosphates. In the present study, however, we have 

shown that PGE2 stimulation of the human EP1 receptor expressed in HEK cells results 

in intracellular inositol phosphate accumulation, which can be inhibited by co-expression 

of dominant negative Gα q. We also show that the human EP1 receptor can couple to Gi 

to upregulate the expression of HIF-1α through the activation of PI3K, Akt and mTOR 

signaling. This upregulation of HIF-1α by the EP1 receptor occurs under conditions of 

normoxia and appears to be the result of increased translation.  

 

Although it is generally assumed that PGE2 contributes to tumorigenesis through a 

combination of increased cell survival, increased cell proliferation/motility, induction of 

angiogenesis and suppression of immune surveillance, there is very little known about the 
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specific EP receptors and molecular mechanisms mediating these effects. In addition 

there is little known about specific mechanisms that could potentially link the role of 

PGE2 in the inflammatory response to its role in carcinogenesis. In this regard our present 

findings provide important new information regarding the putative role of the EP1 

receptor in inflammation and tumorigenesis. Thus, we have shown both in HEK cells 

expressing recombinant EP1 receptors and in HepG2 cells expressing endogenous EP1 

receptors that PGE2 can rapidly induce the upregulation of HIF-1α under normoxic cell 

culture conditions. This means at the very earliest stages of inflammation, following the 

initial upregulation of COX-2 and PGE2 synthesis, there is the potential for increased 

expression of HIF-1α and the activation of HIF-1 responsive genes. These genes even 

include COX-2 itself, which has previously been shown to be upregulated in HCC and 

associated with tumor angiogenesis [111].  

 

A highly significant correlation has recently been found between the expression of HIF-

1α and lymphatic metastasis and VEGF-C expresssion in human esophageal cancer [112]. 

Similarly, in lymph node positive invasive breast cancer a significant correlation has been 

found between the expression of HIF-1α and VEGF-C and between the expression of 

HIF-1α and peritumoral lymphangiogenesis [113]. Although hypoxia and over expression 

of HIF-1α have been been found to upregulate the gene expression of VEGF-C [114], the 

exact mechanism of this upregulation is unclear since the VEGF-C promoter does not 

contain a known consensus binding site for HIF-1. It is intriging, therefore, that we have 
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found that EP1 receptor activation in HepG2 cells can upregulate the protein expression 

of HIF-1α and the mRNA expression of VEGF-C and that the upregulation of HIF-1α 

appears to precede the upregulation of VEGF-C. In this regard a previous study has found 

that overexpression of COX-2 upregulates the expression of VEGF-C in human lung 

adenocarcinoma cells by a mechanism involving the activation of EP1 receptors [115]. 

These findings suggest the possibility that upregulation of VEGF-C in cancer involves 

either a permission interaction between the upregulation of HIF-1α and EP1 receptor 

activation or a direct mechanistic relationship, possibly involving an EP1 receptor 

mediated upregulation of HIF-1α, followed by a HIF-1α mediated upregulation of VEGF-

C.  

 

We have shown for the first time that the EP1 receptor mediated upregulation of HIF-1α 

occurs by a mechanism involving coupling of the EP1 receptor to Gi/o and activation of a 

PI3K/Akt/mTOR signaling pathway. It is well established that the PI3K/Akt/mTOR 

pathway is dysregulated in many types of cancer [116] and our findings provide a further 

mechanism by which the EP1 receptor could influence known oncogenic signaling 

pathways in addition to its upregulation of HIF-1α itself. Thus, inappropriate activation 

of PI3K/Akt/mTOR signaling could drive cellular growth through	  increased translation 

and promote cell survival by inhibiting apoptosis. Our findings with the HepG2 cells 

have specific implications for a role of EP1 receptors in HCC. Thus, previous studies 

have shown that HIF-1α is over expressed in patients with HCC [117] and that 
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stimulation of EP1 receptors in human HCC cells can enhance tumor cell invasion [118]; 

however, the potential mechanistic relationship between these observations is unknown. 

Our results suggest that the upregulation of COX-2, that is known to occur in HCC, could 

lead to the upregulation of HIF-1α and VEGF-C through PGE2 stimulation of the EP1 

receptor and thereby drive tumor angiogenesis and metastasis. Clearly the EP1 prostanoid 

receptor merits interest as a potential therapeutic target for the treatment of inflammation 

and cancer.  
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Figure 5.1 Time course for the PGE2 stimulated upregulation of HIF-1α protein (A), 
mRNA expression (B), and stimulation of HIF-1 reporter gene activity (C) in HEK 
cells stably expresssing the human EP1 receptor. A, HEK-hEP1 cells were incubated 
with 1 µM PGE2 at 37°C for the indicated times and were subjected to immunoblot 
analysis using antibodies against human HIF-1α or vinculin as described in Experimental 
Procedures. A representative immunoblot is shown from one of three independent 
experiments. B, HEK-hEP1 cells were incubated with 1 µM PGE2 at 37°C for the 
indicated times and then RNA was isolated and used for quantitative real-time PCR with 
primers specific for either HIF-1α or GAPDH as described in Experimental Procedures. 
Data were analyzed by the comparative ΔΔCt method relative to the expression of 
GAPDH. Data are the means ± S.E.M. (n = 6) of the pooled data from two independent 
experiments each done in triplicate. C, HIF responsive luciferase reporter gene activity in 
control HEK-pCEP4 cells or HEK-hEP1 cells following treatment with either vehicle 
(veh) or 1 µM PGE2. Cells were transiently transfected with a reporter plasmid under the 
control of a HIF-1 response element (HRE) and luciferase activity was determined as 
described in Experimental Procedures. Data are the means ± S.E.M. of quadruplicate 
measurements from a representative experiment that was repeated three times. *** p < 
0.001; compared to corresponding vehicle treatment; 2-way ANOVA, followed by 
Bonferroni post test.  
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Figure 5.2 Immunoblot analysis showing the PGE2 stimulated upregulation of 
ubiquinated HIF-1α or total HIF-1α (A) and time course of the upregulation of HIF-
1α (B) in HEK cells stably expressing the human EP1 receptor under control 
conditions or following pretreatment with the proteosome inhibitor, MG132. A, 
HEK-hEP1 cells were pretreated with MG132 for 4 h and were then treated with either 
vehicle (veh) or 1 µM PGE2 for 6 h at 37°C. Lysates were prepared and HIF-1α was 
immunoprecipitated with antibodies against HIF-1α and then immunoblotted (IB) with 
antibodies against either ubiquitin or HIF-1α as described in Experimental Procedures. 
Shown are a representative immunoblot and a bar graph of the pooled data from three 
independent experiments analyzed by densitometry. Data are the means ± S.E.M.; *** p 
< 0.001 compared to corresponding vehicle; 1-way ANOVA, followed by Bonferroni 
post test. B, HEK-hEP1 cells were pretreated with either vehicle (control) or MG132 for 
4 h and were then treated with 1 µM PGE2 for indicated times at 37°C. Lysates were 
prepared and subjected to immunoblot analysis with antibodies against either HIF-1α or 
vinculin as described in Experimental Procedures. C, HEK-hEP1 cells were pretreated 
with MG132 for 4 h and were then treated with either vehicle (veh) or 1 µM PGE2 for 6 h 
at 37°C. Lysates were prepared and subjected to immunoblot analysis with antibodies 
against either HIF-1α or vinculin as above and were then analyzed by densitometry with 
the expression of HIF-1α normalized to the expression of vinculin. Shown is a bar graph 
of the pooled data from three independent experiments. Data are the means ± S.E.M.; ** 
p < 0.01 compared to vehicle; 1-way unpaired t-test. 
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Figure 5.3 Immunoblots showing the PGE2 stimulated upregulation of HIF-1α 
expression in HEK cells stably expressing the human EP1 receptor under control 
conditions or following pretreatment with either the PI3K inhibitor, wortmanin; 
Akt inhibitor; or the mTOR inhibitor, rapamycin (A); or following pretreatment 
with either the protein kinase C inhibitor, BIM; or the Ca2+

 chelator, BAPTA-AM 
(B); or following pretreatment with the Gi/o inhibitor, pertussis toxin (C). A, HEK-
hEP1 cells were pretreated with either vehicle (control) or 10 µM wortmanin (wort), 10 
µM Akt inhibitor (Akt I) or 4 µM rapamycin (rapa) for 30 min at 37°C and were then 
treated with either vehicle (veh) or 1 µM PGE2 for 6 h at 37°C. B, HEK-hEP1 cells were 
pretreated with either vehicle (control) or 10 µM bisindolylmaleimide-I (BIM) or 10 µM 
BAPTA-AM (BAPTA) for 30 min at 37°C and were then treated with either vehicle 
(veh) or 1 µM PGE2 for 6 h at 37°C. C, HEK-hEP1 cells were pretreated with either 
vehicle (control) or 5 nM pertussis toxin (PTX) overnight and were then treated with 
either vehicle (veh) or 1 µM PGE2 at 37°C for 6 h. Cell lysates were prepared and 
subjected to imunoblot analysis with antibodies against HIF-1α or vinculin as described 
in Experimental Procedures. Data are representative of at least three independent 
experiments for each antibody and condition. 
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Figure 5.4 Immunoblots showing the PGE2 stimulated phosphorylation of ribosomal 
protein S6 (phospho-rpS6) in HEK cells stably expressing the human EP1 receptor 
following a time course of PGE2 treatment (A); or following pretreatment of cells 
with the Gi/o inhibitor, pertussis toxin (B); or following pretreatment of cells with 
the PI3K inhibitor, wortmanin (C). A, HEK-hEP1 cells were treated with 1 µM PGE2 
for indicated times at 37°C and lysates were prepared and subjected to immunoblot 
analysis either with antibodies against phospho-rpS6 (Ser235/Ser236) or vinculin as 
described in Experimental Procedures. B, HEK-hEP1 cells were pretreated with either 
vehicle (control) or 5 nM pertussis toxin (PTX) overnight and were then treated with 
either vehicle (veh) or 1 µM PGE2 at 37°C for 6 h. Lysates were prepared and subjected 
to immunoblot analysis as above. C, HEK-hEP1 cells were pretreated with either vehicle 
(control) or 10 µM wortmanin (wort) for 30 min and then treated with 1 µM PGE2 at 
37°C. Lysates were prepared and subjected to immunoblot analysis as above. Data are 
representative of at least three independent experiments for each antibody and condition.  
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Figure 5.5 Photographs of ethidium-stained 2% agarose gels showing the products 
obtained following RT-PCR with primers specific for the EP1 (A), EP2 (B), EP3 (C) 
and EP4 (D) prostanoid receptor subtypes and template RNA isolated from HEK cells 
stably expressing either the EP1, EP2, EP3 or EP4 receptor subtypes and from human 
hepatocellular carinoma cells (HepG2) and SH-SY5Y human neuroblastoma cells. RT-
PCR was performed as described previously with an initial incubation at 94°C for 5 min, 
followed by 35 cycles of 94 °C for 20s, 60°C for 30s and 72°C for 60s. The EP receptor 
primers were exactly according to Shoji. Molecular size standards are in the far left lanes 
and non-template control (NTC) reactions are in the far right lanes. Representative gels 
are shown from one of three independent experiments.  
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Figure 5.6 Time courses for the upregulation of protein and mRNA expression for 
HIF-1α (A) and early growth response factor-1 (B) following the treatment of 
HepG2 cells with sulprostone, an EP1/EP3 selective agonist. Cells were treated with 1 
µM sulprostone at 37°C for the indicated times and then subjected to either immunoblot 
analysis with antibodies against HIF-1α, early growth response factor-1 (EGR-1) and 
vinculin; or to quantitative real time PCR analysis with primers specific for HIF-1α, 
EGR-1 and GAPDH as described in Experimental Procedures. Shown are representative 
immunoblots from one of at least three independent experiments for each antibody and 
condition. PCR data were analyzed by the comparative ΔΔCt method relative to the 
expression of GAPDH at each time point and were then normalized to expression at time 
0 for each gene. Bar graphs represent the mean ± S.E.M. (n = 6) of the pooled data from 
two independent experiments each performed in triplicate; *** p < 0.001 compared to 
time 0; 1-way ANOVA, followed by Bonferroni post test.  
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Figure 5.7 Immunoblots showing the upregulation of HIF-1α expression (A,B) or 
phosphorylation of ribosomal protein S6 (C) by sulprostone in HepG2 cells either 
alone (C) or following pretreatment of cells with either the Gi/o inhibitor, pertussis 
toxin (A), or the mTOR inhibitor, rapamycin (B). A, HepG2 cells were pretreated with 
either vehicle (control) or 5 nM pertussis toxin (PTX) overnight at 37°C and were then 
treated with either vehicle (veh) or 1 µM sulprostone (SP) for 6 h at 37°C. Lysates were 
prepared and subjected to immunoblot analysis with antibodies against HIF-1α and 
vinculin as described in Experimental Procedures. B, HepG2 cells were pretreated with 
either vehicle (control) or 4 µM rapamycin (rapa) for 30 min and were then treated with 
either vehicle (veh) or 1 µM sulprostone (SP) for 6 h at 37°C. Lysates were prepared and 
subjected to immunoblot analysis as above. C, HepG2 cells were treated with 1 µM 
sulprostone (SP) for indicated times at 37°C and lysates were prepared and subjected to 
immunoblot analysis either with antibodies against phosphorylated ribosomal protein S6 
(phospho-rpS6) or vinculin as described in Experimental Procedures. Data are 
representative of at least three independent experiments for each antibody and condition.  
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Figure 5.8 Quantititative real-time PCR analysis for the expression of the indicated 
human genes following treatment of HepG2 cells with 1 mM sulprostone for 1, 3 or 
6 h. Gene symbols and names are: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
PKG1, phosphoglycerate kinase 1; CTGF, connective tissue growth factor; GLUT1, 
facilitated glucose transporter member 1; VEGF-A, vascular endothelial growth factor A; 
VEGF-C, lymphatic vascular endothelial growth factor C; EPO, erythropoietin. Data for 
each time point were analyzed by the comparative ΔΔCt method relative to the 
expression of GAPDH and were then normalized to the 0 time point for each gene. 
Shown are the means ± S.E.M. (n = 4) of the pooled data from two independent 
experiments each performed in duplicate. *** p < 0.001; * p < 0.05; compared to time 0; 
1-way ANOVA, followed by Bonferroni post test. 	  
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Figure 5.9 Quantititative real-time PCR analysis for the relative expression of the 
indicated human genes in HepG2 cells at time 0, prior to treatment with sulprostone. 
Gene symbols and names are provided in the legend to Figure 5.7. The data obtained at 
time 0 in the experiments depicted in Figure 5.7 were re-analyzed by the comparative 
ΔΔCt method relative to the expression of GAPDH and were then normalized to the 
expression of GAPDH. Values for VEGF-C and EPO were 0.0000025 ± 0.0000002 and 
0.0002 ± 0.00003, respectively. Shown are the means ± S.E.M. (n = 4); *** p < 0.001; 
compared to GAPDH; 1-way ANOVA, followed by followed by Bonferroni post test.  

 

 

 

 

 



	  

	  

	  

132	  

 

CHAPTER SIX 

CONCLUSION AND FUTURE STUDIES 
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6.1 Summary and Conclusions 

The human EP1 prostanoid receptor belongs to the GPCR superfamily. Because of its 

important biological functions, the human EP1 prostanoid receptor offers a promising 

drug target for the possible treatment of cancer and cerebrovascular injury. To realize the 

human EP1 receptor as a drug target, it is necessary to understand the signaling 

transduction pathways mediated by activation of the human EP1 receptors. Until now, 

knowledge of the signal transduction pathways activated by the EP1 receptors has been 

very limited, consisting chiefly of coupling of the EP1 receptors to Gq/11 and stimulation 

of intracellular calcium signaling. There was no knowledge of the potential regulation of 

gene expression by EP1 receptors.  

 

The present studies have significantly advanced our knowledge of the signaling 

properties of the EP1 receptor by identifying for the first time two major signal 

transduction pathways leading to the upregulation of gene expression through the human 

EP1 receptors. To accomplish this, I first created HEK-293 cells stably expressing the 

human EP1 receptor. To characterize this cell line, I did radioligand binding assays to 

determine the binding affinity of PGE2 to the human EP1 receptor. I also did inositol 

phosphate assays to measure the formation of inositol phosphates after agonist 

stimulation. Lastly, I did cAMP assays to measure the formation of intracellular cAMP 

upon agonist stimulation. Then I used cDNA microarray analysis to identify the genes 

regulated by the agonist stimulated EP1 receptor and I confirmed the expression of select 
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genes using real-time PCR and western blot analysis. One of these genes, Nurr1, was 

chosen for a detailed analysis of the signal transduction pathways activated by the EP1 

receptor that are responsible for its upregulation. During this analysis, I discovered that 

PKA was activated by the human EP1 receptor without the formation of intracellular 

cAMP. This PKA phosphorylates CREB, which binds to a CRE in the promoter of Nurr1 

to induce the expression of Nurr1. Furthermore, I found that the human EP1 receptor 

activates Rho, which leads to the activation of NF-κB. Activated NF-κB then binds to the 

promoter of Nurr1 and together with CREB, induces the expression of Nurr1. Several 

genes found to be upregulated in the microarray analysis are known to be involved with 

angiogenesis (e.g., Cyr61, CTGF). This lead to a hypothesis that their expression might 

be related to possible upregulation of HIF-1α by the human EP1 receptor. I confirmed 

this hypothesis and discovered that the EP1 receptor could upregulate the expression of 

HIF-1α through increased translation via activation of a PI3K/AKT/mTOR signaling 

pathway. Furthermore, I found that upregulation of HIF-1α by the EP1 receptor involved 

coupling to Gi/o, since pretreatment with pertussis toxin totally blocked the EP1 receptor 

mediated upregulation of HIF-1α. A summary of the signal transduction pathways 

identified in this study that activated by the human EP1 receptor is shown in Figure 6.1.  

 

The EP1 receptor has been implicated in the pathophysiology of multiple cancers, 

including hepatocellular carcinoma [118], breast cancer [121] and skin cancer [122]; 

however, the mechanistic role of the EP1 receptor in these cancers is not well-established. 
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In the present study, I identified multiple induced proteins and signal transduction 

pathways mediated through the EP1 receptor that have known involvement with the 

development and progression of cancer. For example, both Nurr1 and HIF-1α are well 

known to be upregulated in various cancers. In addition, the signal transduction pathways 

involved in the induction of these proteins, including PKA/CREB, Rho, NF-κB and 

PI3K-AKT-mTOR-S6K are known to be dysregulated in various cancers. The new 

knowledge that I have generated concerning the signaling pathways activated by the EP1 

receptor provide some clues to how the EP1 receptor may be involved in cancer. Thus, 

the NF-κB pathway is known to be activated in hepatocellular carcinoma [123] and 

pancreatic cancer [124], and Nurr1 has been shown to stimulate cell proliferation in 

human lung cancer cell [125]. The protein and signal transduction pathways activated by 

the EP1 receptor may also be involved in a positive feedback loop to amplify signal 

transduction pathways involved in tumorigenesis. For example, I have shown that HIF-1α 

can be upregulated by the stimulation of the EP1 receptor; however, HIF-1α is well 

known to activate the COX-2-prostaglandin E synthase axis [126], which is responsible 

for the production of PGE2. Thus, increased biosynthesis of PGE2 could further stimulate 

the EP1 receptor and maintain high expression of HIF-1α. Such a positive feedback loop 

may be crucial for tumorigenesis and support a causative role for the EP1 receptor in 

cancer. Clearly further studies are necessary to address this question and to determine if 

the EP1 receptor would be a candidate for the development of chemopreventative drugs.  
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The EP1 receptor is highly expressed in the brain and has also been identified as a 

downstream effector of COX-2 mediated neurotoxicity [127]. In addition, activation of 

the EP1 receptor can amplify both dopamine D1 and D2 receptor signaling in the striatum 

[128]. Blockade of the EP1 receptor protects the brain against experimental ischemia and 

excitotoxicity [129]; however, little is known about the signaling pathways that underlie 

EP1 receptor mediated neurotoxicity. In the present studies I have demonstrated the 

activation of PKA and signaling by the EP1 receptor leading to the induction of Nurr1 

expression. Nurr1 is a member of NR4A family of nuclear receptors, which has been 

shown to play an important role in cell apoptosis [130]. I have also shown the EP1 

receptor mediated activation of Rho signaling, which is a known inducers of neuronal 

death [131]. These results suggest a plausible mechanism by which the induction of 

COX-2 expression following cerebrovascular injury could lead to EP1 receptor mediated 

neurotoxicity. 

 

Cancer and cerebrovascular injuries are among the leading causes of death in the world, 

and my work shows how the EP1 receptor could be potentially involved in these diseases. 

Recent studies have already shown the potential value of the EP1 receptors as a 

therapeutic target. For example, the EP1 selective antagonist, ONO-8711, has been 

shown to be used in the clinic trial and significantly suppress the colon carcinogenesis in 

mice and is a candidate for the chemoprevention of colon cancer [132]. Moreover, COX 

inhibitors, which can inhibit the production of PGE2, have been used in the clinic and 
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proven to significantly suppress colon carcinogenesis [133]. Another EP1 receptor 

antagonist, SC51089, has been shown to be a potent neuroprotective agent, effective in 

both transient and permanent focal cerebral ischemia [134]. This provides preclinical 

evidence that EP1 receptor inhibition is a valuable strategy for the treatment of cerebral 

ischemia. 
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6.2 Future Studies 

In our studies, we propose that EP1 receptor mediated upregulation of HIF-1α may be 

involved in the development of hepatocellular carcinoma. Thus, according to previous 

studies, there is a highly significant correlation between the expression of HIF-1α and 

lymphatic metastasis and VEGF-C expression in human esophageal cancer [112], as well 

as, in lymph node positive invasive breast cancer and peritumoral lymphangiogenesis 

[113]. Although hypoxia and over expression of HIF-1α have been been found to 

upregulate the gene expression of VEGF-C [114], the exact mechanism of this 

upregulation is unclear since the VEGF-C promoter does not contain a known consensus 

binding site for HIF-1α. 

 

It would, therefore, be interesting to investigate whether there is VEGF-C protein 

upregulation in hepatocellular carcinoma cells following treatment with PGE2. This could 

be examined by western blot analysis using antibodies against VEGF-C. Then we would 

like to test whether knock down of HIF-1α can downregulate VEGF-C in both HEK-

hEP1 cells and HepG2 cells by using HIF-1α siRNA. If PGE2 can upregulate VEGF-C 

protein through EP1 receptor in HepG2 cells, we will further perform the in vivo 

experiment by using EP1 receptor knockout mice. We will first inject the hepatocellular 

carcinoma cells into both wild type and EP1 receptor knockout mice, then compare the 

lymphogenesis or tumor metastasis in EP1 knockout and wild type mice. 
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Figure 6.1 The novel signal transduction pathways by the activation of the human 

EP1 receptor. 
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