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ABSTRACT

Prostaglandin E; (PGE;) and E, (PGE;) are ligands for the prostaglandin E, receptor (EP)
family, which consists of four subtype receptors, designated as EP;, EP,, EP5 and EP,.
Interestingly, PGE, mediates inflammation whereas PGE; acts as an anti-inflammatory
factor. However, the molecular basis of their opposite actions on the same set of EP
receptors is poorly understood. To study the ligand recognition differences, a potential
high throughput mutagenesis and constrained peptide was used. A peptide constrained
to a conformation of the second-extracellular loop of human prostaglandin-E, (PGE,)
receptor subtype 3 (hEP3) was synthesized. The contacts between the peptide residues
at S211 and R214, and PGE, were first identified by NMR spectroscopy. The results were
used as a guide for site-directed mutagenesis of the hEP3 protein. The S211L and R214L
mutants expressed in HEK293 cells lost binding to [*H]PGE,. This study found that the
non-conserved S211 and R214 of the hEPs are involved in PGE, recognition. The mutant
S211L was able to give a calcium signal with PGE4, but not with PGE,. This implied that
the corresponding residues in other subtype receptors could be important in
distinguishing the different configurations of PGE, and PGE; ligand recognition sites.

Direct transfection of point mutants in the EP; receptor extracellular loop (using
PCR products) was evaluated in HEK293 cells. Twenty-four EP; extracellular loop
mutants (alanine scan) were generated using phosporylated primers and ligase. The PCR

product was directly transfected into HEK293 cells and the [*H]-PGE, binding and PGE;
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and PGE, calcium signaling assay evaluated. Three mutants, A104G, P105A and P184A,
showed reduced [3H]PGE2 binding, but could not differentiate between PGE; and PGE,
in the calcium signaling assay. However, we propose that this novel high throughput
mutagenesis approach using direct PCR product transfection can be integrated into a
high throughput screening machine in the future.

The PGE; and PGE; binding affinity on the four human recombinant EPs expressed
in the live HEK293 as stable cell lines was determined by [*H]PGE, binding. The PGE; and
PGE, signaling on the four EPs was determined by the calcium (Ca®*) and cyclic AMP
signaling. The Kd for [*H]PGE, was calculated using saturation kinetic experiments. The
IC50 of PGE, and PGE; were calculated from [3H]PGE2 displacement experiments using
cold PGE; and PGE,, respectively. PGE, showed higher affinity or preference for EP; and
EP4 as compared to that of EP; and EP,. PGE; also showed a higher ca* signal in EP; as
compared to that of PGE,. There was a two-log concentration difference between PGE,
and PGE; for generation of Ca** signal in EP;. There was no difference in cAMP
accumulation with PGE; and PGE,. Leukotriene C4/D4/E2 levels were higher in the EP;
stable cell line upon stimulation with PGE,, but not PGE;. An anti-inflammatory
molecule, 20 hydroxy lipoxin B4, peak was observed using mass spectroscopy with PGE;
and not PGE;.

We also used a newly engineered hybrid enzyme (COX-2-10aa-mPGES-1) linking

COX-2 and mPGES-1 together thus adopting the full biological activity of COX-2 and
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MPGES-1 in directly converting AA to PGE,. This enzyme was genetically introduced into
HEK293 cells. These cells expressing the COX-2-10aa-mPGES-1 were producing higher
level of PGE; using endogenous AA as confirmed by LC/MS analysis. A new mouse model
of cancer was developed by subcutaneous injection of these cells into Balb/c/nu/nu
mice. A 100% (8 out 8) occurrence rate of cancer mass was detected in these cells. In
contrast, 30% occurrence of cancer mass were determined for the groups of the cells
co-expressing the individual COX-2 and mPGES-1. The presence of EP; and EP; stable cell
line growth around these tumor masses confirmed their involvement in cancer.

In conclusion, the Ca** signal indicated that the EP; is likely the dominant and
ligand-differentiating receptor in terms of signaling in tissues that co-express the EPs
(cancer cells). PGE; is likely to cause inflammation through leukotrienes and PGE; is
likely to be anti-inflammatory due to its ability to produce Lipoxin B4. High throughput
mutagenesis for producing multiple-point mutations using direct PCR product
transfection is a promising new method for the future. The experiments on nude mice
indicated that the sole coupling of COX-2 to mPGES-1 is a powerful cancer-advancing
factor, which implies that the coupling of COX-2 to mPGES-1 is a promising target for
anti-cancer drug development. EP; and EP, receptors were identified as the likely
receptors, to induce cancer. This study provides a molecular basis to understand the

biological functions of PGE; and PGE; through their binding and signaling properties.
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1. INTRODUCTION AND STATEMENT OF PROBLEM

Prostaglandin (PG) E, and PGE; exert actions by acting on a group of EP receptor
subtypes designated EP;, EP,, EP3 and EP4. EP subtype knock-out mice have identified
the role of each EP subtype in various physiological and pathophysiological responses
(Narumiya et al., 1999). For example, the EP3 receptor mediates the pyrogenic response
(Ushikubi et al., 1998), EP; and EP3; mediate release of corticotropin-releasing hormone
(Matsuoka et al., 2003), EP, facilitates ovulation and fertilization (Hizaki et al., 1999) and
EP, and EP, mediate collagen-induced arthritis (Miyauchi, 1994). This highlights the
discreet function of the individual receptors. However, the endogenous ligand, PGE,,
acts as an inflammatory molecule, whereas PGE; acts as an anti-inflammatory molecule;
nevertheless, both act on the same set of EP receptors albeit with different affinities
(Murota et al.,, 2008; Sobota et al., 2008). PGE; is being used clinically for treating
collagen disease-related skin ulcers (Murota et al., 2008) and prevents apoptotic cell
death in superficial dorsal horn of rat spinal cord with anticipated beneficial role in
Alzheimer’s and Parkinson’s disease (Kawamura et al., 1997).

The agonists in EP receptors induce a signaling cascade inside the cell which
seems to have similarities and yet show different signaling outcomes. EP; receptors
mediate signaling by activation of phospholipase C (PLC), protein kinase Ca and c-Src
with upregulation of endothelial growth factor-C (Su et al., 2004) and epidermal growth

factor receptor (Han and Wu, 2005, Watanabe, 1999). The EP, and EP,4 are linked to



cAMP/protein kinase A (PKA) and phosphoinositide-3-kinase (PI3K) signaling (Okuyama,
et al.,, 2002). The EP3 receptors however couple to multiple G proteins such as the Gi
subunits, resulting in the inhibition of adenylyl cyclase and Gs subunit resulting in cAMP
production (Katoh et al., 1998; Tamma et al., 2003). This fact led us to choose EP3 as our
primary receptor for ligand residue interaction identification studies as the probability
of recognizing differences in ligand recognition would be higher. EP; receptors can also
activate the Ras signaling pathway leading to cancer (Yano et al., 2002).

Many studies demonstrate that the second extracellular loop of the receptor is
involved in prostanoid-ligand recognition in the rabbit EP; receptor. Site-directed
mutagenesis of seven conserved residues in the second extracellular loop of EP; (EP3
elP,), in transfected HEK293 cells was assessed for their ability to decrease intracellular
cAMP (Audoly and Breyer, 1997). However, we hypothesized that the differences in
ligand recognition and ultimately the functional effect must logically lie in the non-
conserved region as these EP receptors have multiple common ligands showing
different effects; ie. PGE, acts as an inflammatory molecule, whereas PGE; acts as an
anti-inflammatory molecule and both act on the same set of EP receptors with different
affinities (Murota et al., 2008; Sobota et al., 2008; Miyauchi, 1994).

Thus, in order to understand the EP receptors, it is important to uncover how the
eight prostanoid receptors distinguish between the similar prostanoids, which are

synthesized from the same precursor, PGH,. Using the TM (transmembrane) domains of



the working model for the EPs receptor, the constrained peptides mimicking the EP;
elP, was synthesized and purified. The residues in the EP3 eLP, interacting with PGE, in
solution were determined by NMR spectroscopy. This method will help us recognize the
fundamental differences that give quality to a receptor and can be used to benefit
therapeutics.

We wused various integrated approaches including constrained peptide,
mutagenesis, CD/fluorescence (FL), and molecular modeling. Other than these we will
use a novel high throughput mutagenesis approach using DNA fragments for
identification of residues involved in ligand recognition. Another approach to identify
ligand specific residues is to create point mutations in receptors using PCR products.
Studies have shown that double stranded (ds) DNA molecules as PCR products could
mimic promoter or enhancer sequences which can be used for manipulating the
transcriptional machinery of a specific gene. These PCR fragments can be easily
captured by the cells and has been postulated as a potential therapeutic tool to control
disease-related genes (Santori et al., 2006). Also, PCR products using biotinylated
primers can be conveniently used to introduce a site-directed mutation, which obviates
the need for cloning or plasmid purification (Penolazzi et al., 2007; Piva et al., 1998).
Thus residues involved in ligand recognition can be studied using PCR products for
generating receptors with point mutation. These point mutated PCR products can be

directly transfected into HEK293 cells for evaluation.



These EP receptors signal mainly through activation or inhibition of calcium
(Ca**) and cyclic AMP (cAMP) signaling. Many studies have identified the Ca®* and cAMP
signal for the EP receptors but none have quantified the signal nor evaluated the
ligands’ likely choice of a dominant EP receptor. Therefore, by comparing the binding
affinities of the ligands with their signaling intensity we might be able to understand
better the differences between PGE; and PGE; and their receptors.

The spatial and temporal properties of intracellular Ca** signals are important
(Berridge et al., 2000) because a large number of cellular processes are dependent on
the Ca®* signal. For example, gene transcription in T cells (Li et al., 1998; Dolmetsch et
al., 1998), and the exocrine function of acinar cells of the pancreas and salivary glands
are examples of spatially and temporally localized signals (Maruyama et al., 1993;
Giovannucci et al., 2002). These Ca*" signals are shaped by the concomitant activation of
additional signal transduction pathways, such as the cAMP concentrations. The crosstalk
between Ca?" and cAMP has also been demonstrated by the fact that Ca®" can affect
components of the cAMP signaling machinery. Calcium can either activate or inhibit
different subtypes of adenylyl cyclase which produce cAMP (Cooper et al., 1995; Mons
et al., 1998) and different subtypes of phosphodiesterase which degrade cAMP (Kakkar
et al., 1999).

Therefore, by quantifying the Ca** and cAMP signal generated by PGE; and PGE,

we expect to better understand the signaling patterns that might help us determine the



reason for their opposite action. Since PGE, is involved in promotion of various cancer
growths (Chen et al., 2007; Thorat et al., 2007; Gustafsson et al., 2007; Chang et al.,
2005; Shoji et al., 2004; Chell et al., 2006), it will be interesting to evaluate the choice of
dominant EP receptor that it is likely to be used for its action by correlating the binding
affinity with the signaling intensity.

Since these EP receptors are co-expressed in various organ systems, we have
expressed them individually as recombinant receptors in HEK293 cells. We have shown
the binding affinity differences of PGE; and PGE; on EP receptors in whole live cells. We
have also shown how the binding affinity of PGE; and PGE, reflects on the efficacy
(intensity of Ca** and cAMP signaling). This has helped us determine the likely dominant
EP receptor as a potential target site for cancer proliferation and differentiation. The
importance lies in the fact that it helps us recognize the dominant EP receptor and
differentiate between PGE; and PGE, which are similar in their structure, and yet have
opposite functions.

Endogenous prostaglandin E, (PGE,) is known to play an important role in cell
functions such as stem cell proliferation and tissue and bone regeneration (Murakami et
al., 2002). Prostaglandin (PG) E; is the major prostanoid produced in several cancers and
has been implicated in the development of colorectal cancer. PGE, has been shown to
promote colon cancer cell survival in vitro and tumorigenesis and angiogenesis in vivo

(Sheng et al., 2001; Levy, 1997; Reinhart et al., 1983). Use of certain nonsteroidal anti-



inflammatory drugs (NSAIDs) causing PGE, deficiency could produce stomach ulcers and
possibly affect stem cell development (North et al., 2007). However, PGE, in disease
states acts as a pro-inflammatory and cancer promoting molecule (Murakami and Kudo,
2006). PGE; is produced from arachidonic acid (AA) and requires the catalytic activity of
two enzymes (cyclooxygenase (COX) and prostaglandin E synthase (PGES)) (Ruan and
Dogne, 2006; Ruan, 2004). COX-2 overexpression has also been shown in various cancer
cells and tissues (Subbaramaiah et al., 1996; Kargman et al., 1995). Inhibition of this
COX-2 with Non-steroidal anti-inflammatory drugs, have been shown to reduce the
incidence of colorectal cancer (Marnett, 1992; Rao et al.,, 1995; Sheng et al., 1997).
Experiments on Apc mutant mice (a model for human familial adenomatous polyposis)
have shown that Gene disruption of COX-2 (Oshima et al., 1996) results in reduction of
the number and size of intestinal polyps.

Similarly, PGES catalyzes the conversion of PGH,, to PGE,. There are at least
three PGES enzymes, which include cytosolic PGES (cPGES) (Tanioka et al., 2000),
microsomal PGES (mPGES) -1 (Jakobsson et al., 1999; Murakami et al., 2000; Mancini et
al., 2001), and mPGES-2 (Tanikawa et al., 2002). Among these, it is the microsomal
PGES-1 (mPGES-1) which is induced by pro-inflammatory stimuli, and is functionally
coupled dominantly with COX-2 in comparison to COX-1 (Jakobsson et al., 1999;
Murakami et al., 2000; Mancini et al., 2001). mPGES-1 is also over expressed in a variety

of cancers along with COX-2 (Yoshimatsu et al.,2001; Jabbour et al., 2001; Yoshimatsu et



al.,2001). Many pathophysiological events involving COX-2-derived PGE,, such as
rheumatoid arthritis (Stichtenoth et al., 2001), fever (Yamagata et al., 2001), fertility
(Filion et al., 2001; Lazarus et al., 2002), bone metabolism (Murakami et al., 2000), and
Alzheimer’s disease (Satoh et al., 2000), show an induced expression of mPGES-1. This
induced expression of mPGES-1 is regulated by the NF-IL-6 pathway (Uematsu et al.,
2002) or the mitogen-activated protein kinase pathway (Han et al.,2002), which
stimulates the mPGES-1 gene transcription (Naraba et al., 2002).

We have engineered a hybrid enzyme, “Tri-Cat enzyme,” inducible COX isoform-
2 (COX-2) linked to inducible microsomal PGES-1, which can specifically convert AA into
PGE, in the cells transfected with the cDNA of the Tri-Cat Enzyme (Ruan et al., 2006,
2008, 2008). We are thus able to re-direct and control the outcome of AA utilization by
the COX pathway and the downstream enzymes in cells. The COX-2-10aa-mPGES-1
hybrid enzyme is thus able to produce excess PGE,. We have used this novel hybrid
enzyme that links human COX-2 and mPGES-1 through a well-defined transmembrane
(TM) domain of 10 amino acids called COX-2-10aa-mPGES-1 to produce tumors in
immune deficient Balb/c/nu/nu mice.

To date, there have been no animal tumor models designed for testing the anti-
proliferative activity of COX-2 and mPGES-1 inhibitors. Our proposed model is target-
specific for COX-2 and mPGES-1. This is important because the direct shifting of the

results from the lab and non-specific animal studies to human clinical trials has created



many risks with damages to the patients during the human use of NSAIDs in the past.
Vioxx has been the most recent typical case of this type (Konstam et al., 2001). The
proposed tumor mice model that over-expresses COX-2-10aa-mPGES-1 (to produce
excess PGE;) could be a sufficiently sensitive animal model for anti-inflammation and
anti-tumor efficacy tests. We propose that screening the COX-2 and mPGES-1 inhibitors
for their anti-proliferative activity or ability to suppress tumor formation and reduce
inflammatory PGE, production can be studied. We also propose that the tumors
produced as a result of COX-2-10aa-mPGES-1 over expressed in HEK293 cells can be
used to evaluate the EP receptors involved in cancer generation. The PGE, produced
from the tumor can diffuse into the surrounding tissue and stimulate the EP receptor
stable cell lines, thereby causing them to produce tumors as well. We propose that this
strategy of using a primary tumor source for producing an inflammatory ligand, and a
peripheral tumor for receptor studies, can be applied to other pathways as well.

The results from this study will advance the understanding of the
structure/function relationship of GPCR receptors that share common ligands and yet
exhibit opposite pathophysiological functions. They will also enhance the understanding
of other GPCRs in general. The ligand preference in the EP receptors could also be used
for selectively targeting cancers and stem cells whose proliferation and differentiation is
influenced by EP receptor signaling (Han and Wu, 2005; Okuyama et al., 2002; Chen et

al., 2007). The importance of our objective lies in the fact that it will help us recognize



the fundamental differences that give quality to a receptor and its ligand and can be

used for the future benefit of therapeutics (Figure 1).

Question

PGE, PGE, ?

w& v

PG E1 Anti-inflammatory PG E2 Inflammatory

Figure 1: The schematic of the introduction to the statement of problem. PGE; and PGE, are ligands
common to a set of EP receptors called EP4, EP,, EP; and EP,, however PGE; is anti-inflammatory whereas
PGE, is an inflammatory molecule. Therefore our statement of problem is to determine how two ligands
activating the same set of receptors are able to produce opposite functions.



2. REVIEW OF LITERATURE
2.1. Prostaglandin E, subtype EP receptors

PGE, is the most abundant naturally occurring prostanoid and is derived de novo
from arachidonic acid. (Campbell, 1990; Davies and Maclintyre, 1992). It has autocrine
and paracrine function and is released in response to a variety of stimuli in many tissues,
where they participate in a broad spectrum of physiological and pathophysiological
events (Coleman et al.,, 1989). This has been implicated in a number of disease
processes (Abramovitz and Metters, 1998). PGE, primarily produces its effect through
interaction with four distinct prostanoid receptors: EP;, EP,, EP3, and EP4 (Coleman et
al., 1994). They are members of the G-protein coupled receptor superfamily called as
integral serpentine plasma membrane proteins (Boie et al., 1995). The signaling
pathways involved in the four EP receptor subtypes are: EP; couples to [Ca**] (Funk et
al., 1993), EP, (Regan et al., 1994) and EP,4 (Bastien et al., 1994) cause an increase in
intracellular cAMP accumulation, and EP3 causes a decrease in intracellular cAMP levels
(Boie et al., 1997; Jin et al., 1997) (Figure 2).

When all eight prostanoid receptors are aligned, including the four EP receptor
subtypes (TP, Hirata et al, 1991; FP, Abramovitz et al., 1994; IP, Boie et al., 1994; DP,
Boie et al.,, 1995), two subgroups are formed. These two subgroups can be easily
differentiated by the signal transduction pathway to which the receptors couple, rather

than their ligand interaction: thus, EP4, FP, TP, and EP3 receptors couple to Gaq/Gai,
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Figure 2: Simplified cascade of the prostanoid pathway. (A) Shows the enzymes and substrates
involved starting from arachidonic acid (AA) being formed by stimulation of the cell membrane with
the help of cytosolic phospholipase A, (cPLA;). This AA is the substrate for Prostaglandin H synthase
(PGHS also called cyclooxygenase COX) which produces prostaglandin H, (PGH,). PGH, is the
substrate for the various synthases producing their respective prostaglandins (Thromboxane A,
(TXA;) , Prostacyclin (PGl,), Prostaglandin F,, (PGF,,), Prostaglandin D, (PGD,) and Prostaglandin E,
(PGE,). (B) Panel shows the various effector systems and functions of the prostaglandins produced.

whereas the EP,, EP4, DP, and IP receptors couple to Gas (Boie et al., 1995; Toh et al.,
1995). Preliminary molecular models of the EP receptors show a few common residues
found in the putative ligand binding pocket which are also present in one or more of the

non-EP prostanoid receptors (Yamamoto and Imai, 1996). A number of SAR studies of

11



prostanoids and prostanoid analogs, using tissues with mixed expression of populations
of two or more receptors, have been performed with limiting interpretation of the
results (Lawrence et al., 1992). Detailed SAR studies are currently being performed using
recombinant systems expressing individual prostanoid receptors. The cloning of the
prostanoid receptor family (Coleman et al.,, 1994; Boie et al., 1995) has opened the
pathway for evaluation of compounds on all eight prostanoid receptors (Kiriyama et al.,
1997; Abramovitz et al., 2000). Characterization of the EP receptors has been performed
on bovine chondrocytes (Fernandes et al., 1996) and mouse podocytes (Bek et al.,
1999).

The four EP receptors are encoded in separate genes and are well conserved
throughout the mammalian system. Phylogenetic analysis of the amino-acid sequence
indicates that they were all sequentially derived from a primitive PGE receptor by gene
duplication (Toh et al., 1995). EP3; and EP; receptor isoforms generated by alternative
splicing of their mRNA have been reported (Irie et al., 1993; Namba et al., 1993; An et
al., 1994; Breyer et al., 1994; Regan et al., 1994; Schmid et al., 1995; Okuda et al., 1996;
Pierce and Regan, 1998; Oldfield et al., 2001). All EP receptor subtypes are expressed on
the plasma membrane. EP3; and EP4 receptors also have nuclear membrane localization

(Bhattacharya et al., 1998, 1999).
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Figure 3: Homology model of the EP; receptor using the 2 adrenergic receptor as the template. Felix
2000 software was used to align the residue sequence of the 2 adrenergic receptor with the EP, receptor
sequence and generate the model. The distance between the transmembrane loops is shown in angstrom
units (A).

2.2. EP; receptor

The EP; receptor has been cloned from humans and rodents (Funk et al., 1993;
Watabe et al., 1993; Okuda et al., 1996). EP; has two splice variants (Okuda et al., 1996).
EP; has the least affinity for PGE, among the four subtypes of EP receptors, (dissociation
constant (KD) of 16—25 nM. The human EP; receptor has 402 residues with a predicted
molecular mass of 41,858 and is functionally coupled to intracellular calcium (Figure 3).

EP; binds to PGs in the order of PGE; > PGE; > PGF; 4jpha > PGD; (Funk et al., 1993). A few
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selective agonists for EP; like ONO-DI-004 and 17-phenyl trinor PGE, are available. Other
agonists such as sulprostone, carbacyclin and enprostil exhibit the highest affinity for
EP4, but are also very potent EP5 agonists. Antagonists such as ONO-AE-829, ONO-8711,
ONO-8713, SC-19220 and AH6809 are available for the EP; receptor but possess a weak

antagonist activity (Woodward et al., 1995, 2005)(Figure 3).

EP2 )

Figure 4: Homology model of the EP, receptor using the B2 adrenergic receptor as the template. Felix
2000 software was used to align the residue sequence of the B2 adrenergic receptor with the EP, receptor
sequence and generate the model. The distance between the transmembrane loops is shown in angstrom
units (A).

2.3. EP; receptor

The cloned EP4 receptor was referred to as EP, (Bastien et al., 1994; Regan et al.,

1994) before the discovery of the EP, receptor in 1994. The EP, receptor is a 53 kDa
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protein that has been cloned and expressed from various species (humans, bovine,
rabbits, rodents and several other) (An et al., 1993; Katsuyama et al., 1995; Guan et al.,
1996; Nemoto et al., 1997; Arosh et al., 2003). The human EP, consists of 358 residues.
EP, is functionally coupled to the cAMP (Regan et al., 1994). The affinity of PGE, for EP,
receptor differs greatly across species. The human EP;, receptor binds PGE, and PGE
analogues with a rank order of PGE;>PGE;>16, 16-dimethyl-PGE, >11-deoxy-
PGE;>butaprost,1-OH-PGE,;, M&B-28767 >sulprostone. AH-6809 is a well-known EP,

antagonist (Dey et al., 2006) (Figure 4).

2.4. EPs3 receptor

The EP5 receptor has been successfully cloned and expressed from humans and
rodents (Sugimoto et al., 1992; Yang et al., 1994). The EP3 is unique because it has
multiple alternatively spliced variants that can activate contrasting second messenger
signaling (Pierce and Regan, 1998). The human EPs; has eight alternatively spliced
variants with a predicted molecular mass of between 40 to 45 kDa. EP3 binds to PGs in
the order of PGE, = PGE; >> PGg; aipha = PGl; > PGD, >> U46619. EP3 is functionally
coupled to the Ca’* mobilization and reduces cAMP production (Adam et al., 1994). The
EPs receptor has a relatively higher affinity for PGE; as evidenced by a very low KD value

of 0.33-2.9. L826266 is an EP; antagonist (Dey et al., 2006) (Figure 5).
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Figure 5: Homology model of the EP; receptor using the 2 adrenergic receptor as the template. Felix
2000 software was used to align the residue sequence of the 2 adrenergic receptor with the EP; receptor
sequence and generate the model. The distance between the transmembrane loops is shown in angstrom
units (A).

2.5. EP4 receptor

The EP4 receptor cDNA encodes a 487-513 amino-acid polypeptide that has
been cloned and expressed from various species (human, rodents, rabbit, bovine and
others) (An et al., 1993; Honda et al., 1993; Breyer et al., 1996; Boie et al., 1997). EP, is
functionally coupled to cAMP production (Nishigaki et al., 1995). Their affinity for PGE,
is very high, with a KD value of 0.59-1.27. The rank order of affinity of PGE ligands for

the mouse EP; receptor was PGE,, PGE;>11-deoxy-PGE;, 16, 16-dimethyl-PGE,,
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misoprostol>1- OH-PGE1 and M&B-28767. Very few selective agonists or antagonists

are available for EP4 (Figure 6).

ILP2
12.61

Figure 6: Homology model of the EP, receptor using the 2 adrenergic receptor as the template. Felix
2000 software was used to align the residue sequence of the B2 adrenergic receptor with the EP, receptor
sequence and generate the model. The distance between the transmembrane loops is shown in angstrom
units (A).

2.6. EP receptor signaling and functions

The factors governing the outcome of EP receptor signaling are diverse. These
differences are structural, pharmacological or functional. Structural differences related
to the length and composition of amino acids in the extracellular, as well as the
intracellular domains, are associated with variations in receptor signaling. e.g.

Differences in the length of C-termini of EP; isoforms are associated with their
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differential activation of a variety of second messenger pathways (Pierce and Regan,
1998). Similarly the extracellular sequence of the EP, receptor determines its structure
and function (Stillman et al., 1999). Likewise, a cluster of hydrophobic aromatic amino
acids in the second intracellular loop of EP, is essential for activation of Gas subunit
(Sugimoto et al., 2003, 2004). Pharmacologically the affinity of these receptors to its
principal ligand, PGE,, greatly varies between receptor subtypes. The affinity of PGE; to
its receptor depends on the state of coupling of G protein subunits.

Differences in agonist-induced desensitization have been observed in EP
receptors. e.g. the EP4 receptor is easily desensitized in comparison to the EP, receptor
(Nishigaki et al., 1996). Likewise, there are reported differences in ligand-induced
internalization of EP receptors. e.g. EP4 and EP; isoform-1 are readily internalized,
whereas EP, and EP5 isoforms (lll and 1V) are not (Desai et al., 2000; Bilson et al., 2004).
Functionally, the differences among EP receptors also directly correlates with the type
of signal it produces. e.g. an intracellular Ca®" signal is associated with smooth muscle
contraction, whereas an increase in cytoplasmic cAMP levels is associated with smooth
muscle relaxation. Though the EP; receptors increase intracellular Ca* levels and EP,
and EP4 increase cytoplasmic cAMP, there are diverse factors involved. Signaling via EP;

receptors causes a decrease in cAMP levels (Narumiya et al., 1999).
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2.7. Signaling pathways affected by EP receptors

PGE, coupling to its specific receptors results in their activation and induces a
signaling cascade inside the cell. However, signaling through different subtypes of EP
receptors seems to overlap and yet have different signaling outcomes. The EP; receptor
mediates signaling by activation of phospholipase C and elevation of inositol
triphosphate, diacylglycerol and Ca”*. PGE, also activates protein kinase Ca and c-Src via
the EP; receptor. Indirectly, the signaling through EP; can also transactivate HER’s-
2/Neu tyrosine kinase receptor, which is mediated by c-Src resulting in an upregulation
of vegetative endothelial growth factor-C (Su et al., 2004). The c-Src also mediates the
transactivation of epidermal growth factor receptor by the EP; receptors through
activation of protein kinase B (Akt) that also promotes cell proliferation and invasion
(Han and Wu, 2005). Thus the EP; receptor knockout mouse has been implicated to play
arole in colon carcinogenesis (Watanabe et al., 1999).

The EP, and EP; receptors produce their action by the stimulation of
cAMP/protein kinase A (PKA) signaling through the sequential activation of Gas and
adenylate cyclase. This signaling pathway has been implicated in growth and
proliferation. Increased cAMP production has been shown to have an anti-proliferative
effects in human gastric carcinoma cell lines (Okuyama et al., 2002). A study has directly
linked EP, receptor to cellular proliferation. Upon activation the Gas subunit of EP,

receptors can directly associate with the regulator of G protein signaling domain of Axin,
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Figure 7: PGE2-EP receptor signaling pathways. Four major types of EP receptors are involved in the
signaling pathway mediated via different G proteins (p/q, as and ai) using different second messenger.
PGE2 induces intracellular Ca®* or cAMP when it couples and signals through EP1 or EP2/4 receptors
respectively. However, it reduces intracellular cAMP when it signals through EP3 receptors. Several
different kinases are involved in PGE2 induced signaling pathways. AC, adenylate cyclase; DAG,
diacylglycerol; 1P3, inositol triphosphate; PIP2, phosphatidylinositol diphosphate; PKA, protein kinase A;
PKC, protein kinase C; PI3K, phosphoinositide-3-kinase; %, up regulated; {,, down regulated; X, inhibition
(Dey et al., 2006).

which inactivates and releases glycogen synthase kinase-3f (GSK-3B) from the Axin
complex causing B -catenin activation and nuclear translocation (Castellone et al., 2005).
PGE,, via the EP, receptors, can activate both PI3K and Akt by using the free By subunit

of G-protein (Castellone et al., 2005) (Figure 7).
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A receptor-specific signaling outcome has also been observed with EP, and EP,
receptors. e.g. When PGE, stimulates the EP4, receptor but not EP,, it leads to the
phosphorylation of the extracellular signal-regulated kinases (ERKs) by a PI3K-
dependent mechanism and induces the expression of early growth response factor-1
(Fujino et al., 2003). Both EP, and EP, receptors mediate the phosphorylation of cAMP
responsive element binding protein (CREB) by different signaling pathways (Fujino et al.,
2005).

The EP3 receptors are different because of their ability to couple to multiple G
proteins. The Gi subunit coupling results in the inhibition of adenylyl cyclase. The
activation of Gs subunit results in cAMP production. The EP3 receptor can also activate
the small G protein, Rho, and its target p160 Rho-A binding kinase ROK a (Katoh et al.,
1998; Tamma et al., 2003). EP3 receptors have also been implicated in the activation of
Ras signaling pathway leading to cancer (Yano et al., 2002). It was because of these

reasons we chose the EPs receptor for our initial NMR study.

2.8. Identification of residues involved in the formation of the ligand-binding pocket of
Prostaglandin E; subtype 3 (EP3) receptor

Many studies demonstrate that the second extracellular loop of the receptor is
involved in prostanoid ligand recognition. Site-directed mutagenesis of seven conserved

residues in the second extracellular loop of EPs; (in transfected HEK293 cells) was
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assessed by the cells’ ability to decrease intracellular cAMP (Audoly and Breyer, 1997, So
et al., 2003).

The ligand-binding domain of the EP3 receptor was essentially uncharacterized,
but putatively the ligand-binding pocket resides in the TM a-helical domains. (Audoly
and Breyer, 1997) considered that the conserved amino acid residues unique to the
prostanoid receptor family are likely to be essential determinants of receptor structure,
ligand binding, and/or signal transduction. e.g. Using molecular modeling the
interactions of an agonist with its receptor inducing specific conformational changes
within and between the helices of a receptor with eventual transfer of energy causing
activation of G proteins was studied. The postulated reason for the behavior of residue
D338 showing no loss of binding but loss of signaling is that the seventh hydrophobic
domain is in an a-helical conformation, and D338 is located 180° to R329. If R329 is
oriented towards the ligand-binding cleft, then D338 faces the lipid environment. This
could be the reason that D338 does not appreciably affect high affinity binding of
agonists to the EPs receptor yet abolishes the signaling cascade.

This phenotype may result from a number of effects:

i) Intrahelical flexibility necessary for hinge-bending conformational changes
supporting receptor activation may be disrupted.
ii) D338 may represent a point of interaction between an adjacent helix or helices

suggesting that these interactions represent an essential component of a
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hydrogen bond network. This is postulated to be necessary for the proper
transfer of energy between helices required for G protein activation.
iii) It could also mean that D338 may interact directly with Gi (Audoly and Breyer,

1997).

2.9. Direct transfection of PCR products into cells

Recombinant DNAs, small RNAs, and antisense oligonucleotides have been
transfected into cells to study molecular biology and pharmacology (Scanlon et al.,
1995). Various transfection methods (Sambrook et al., 1989) such as calcium phosphate,
DEAE-dextran, electroporation modified viruses, liposomes, and dendrimers (Kukowska
et al., 1996) have been used. New systems for improvements in delivery and
transfection strategies are still in great demand regarding single-stranded synthetic
oligonucleotides, which may enter mammalian cells by endogenous uptake pathways
such as pinocytosis and endocytosis (Crooke, 1992, Wagner, 1994). Penolazzi et al., 1996
report a direct transfection of DNA fragments obtained by polymerase chain reaction
(PCR) into the human cultured MCF7 cells using an ultrafiltration technique with
ethidium bromide (EtdBr) as an indicator. This method was able to deliver small double-
stranded (ds) DNA fragments. It was also able to evaluate the efficiency of DNA
transfection into the cells. They introduced two PCR-generated ds DNA fragments: a 96-

bp human genomic fragment in the 5* region of estrogen receptor (ER) gene (Green,
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1986, Piva, 1993) and a 150-bp plasmid DNA fragment [pGEX-2TK (Nilsson, 1985)].
Fluorescent dye-labeled DNA and the corresponding retained-EtdBr fractions were

transfected into the MCF7 cultured cells.

2.10. Anti-inflammatory activity of PGE;

Sobota et al., 2008 have investigated the inhibitory activity of PGE; on IL-6-
(interleukin-6) induced MCP-1 (monocyte chemotactic protein-1) expression. They
showed that PGE; does not affect IL-6-induced STAT (signal transducer and activator of
transcription) 3 activation, but does affect ERK (extracellular signal- regulated kinase)
1/2 activation which is crucial for IL-6- dependent expression of MCP-1. They discovered
a specific cross-talk between the adenylate cyclase cascade and the IL-6-induced MAPK
(mitogen-activated protein kinase) cascade. They then investigated its impact on IL-6-
dependent gene expression because IL -6 exerts pro- as well as anti-inflammatory
activity. IL-6 is the major inducer of acute phase proteins in the liver and acts as a
differentiation factor for blood cells. It also acts as a migration factor for T-cells and is a
potent inducer of the chemokine MCP-1 (monocyte chemoattractant protein-1) (Bode

et al., 2001; Andus et al., 1988; Sobota et al., 2008).
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2.11. Lipo PGE; in cutaneous ulcers

Intractable cutaneous ulcer is a common disease in which the inflammatory
phase of the wound healing process is prolonged. This prevents the cells from growing
at the local site. Cytokines such as VEGF and IL-6 (vascular endothelial growth factors),
have been seen and implicated in these ulcers (Papps et al., 1995; Cianfarani et al.,
2006). PGE; has been used for the treatment of cutaneous ulcers but has the
disadvantage of rapid inactivation thus requiring a large dose of drug. Therefore lipid
microspheres containing PGE; (Lipo-PGE;) were developed to avoid the disadvantages of
PGE;. The efficacy of Lipo-PGE; (3 pg) in patients with peripheral vascular diseases was
better when compared to 40-60 pg of PGE;-cyclodextrin clathrated treatment group.
Also, on evaluating the effects of ulcer reduction with the inflammatory markers, a
positive correlation between IL-6 level, CRP (C reactive protein) value and changes in
serum VEGF levels due to Lipo-PGE; administration was observed (Mizushima et al.,

1983).

2.12. Lipo- PGE; preparation for diabetic neuropathy with leg ulcers

PGE; incorporated in lipid microspheres (lipo-PGE;) (10 ug/day) that are
designed to accumulate at vascular lesions were compared with placebo and free PGE;
preparation (PGE;-CD, 40 pg/day) in two studies (double-blind and well-controlled). The

studies were done in 364 diabetic patients with neuropathy and/or leg ulcers. The route
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of administration was intravenously (bolus or drip infusion) for 4 weeks. Clinical
improvement was noted in 61.6% of the lipo-PGE; group and 30.0% of the placebo
group and 37.1% in the PGE;-CD group. Leg ulcers and diabetic neuropathy greatly

improved in the lipo-PGE; groups with minimal side effects (Toyota et al., 1993).

2.13. Inflammatory activity of PGE; causing cancer

Evidence suggests that PGE, produced via the cyclooxygenase (COX)-2-
dependent pathway plays a crucial role in the development of colorectal cancer and
possibly other cancers (Williams et al., 1992). Non-steroidal anti-inflammatory drugs,
which inhibit COX-2, have been shown to reduce the incidence of colorectal cancer
(Marnett, 1992; Rao et al.,, 1995). The major prostanoid implicated in several types of
cancer is PGE,. It is produced by three biosynthetic reactions involving phospholipase A,
(PLA;), COX, and PGE, synthase (PGES). It promotes survival and motility of colon cancer
cells and helps promote tumorigenesis and angiogenesis (Sheng et al., 2001; Levy,
1997). This has been demonstrated by the high expression of COX-2 which had been
found in various cancer cells and tissues (Subbaramaiah et al.; 1996, Kargman et al.,
1995). Study methods employing overexpression, antisense suppression, and specific
inhibitors of COX-2 have shown that COX-2 contributes to the progression of several
types of cancer (Liu et al., 2001; Tsujii et al., 1998). One study has demonstrated that co-

transfection of COX-2 and mPGES-1 into HEK293 cells results in a cellular transformation
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manifested by colony formation in soft agar culture and tumor formation when
implanted subcutaneously into nude mice (Kamei et al., 2003).

The Myeov (MYEloma OVerexpressed gene) expression is enhanced in colorectal
cancer (CRC) and is known to promote CRC cell proliferation and invasion. Prostaglandin
E, (PGE,) is a known factor in promoting CRC carcinogenesis. The role of PGE; in
modulating Myeov expression has also not been defined. After Myeov knockdown there
was a significant reduction in CRC cell migration, observable as early as within 12 hours
when compared to the control at 36 hours. This Myeov expression was, however,
enhanced after treatment with PGE ,. Lawlor et al., 2010 thus demonstrated that, in
addition to promoting CRC proliferation and invasion, Myeov stimulates CRC cell
migration, and its expression is likely to be PGE,-dependent (Lawlor et al., 2010).

Kim et al.,, 2010 showed that PGE, acts on the EP, receptor to promote the
migration of A549 lung cancer cells. They demonstrated that PGE, enhances tyrosine
kinase c-Src activation, and blockade of c-Src activity represses the PGE,-mediated lung
cancer cell migration. After the knockdown of betaArrestinl expression with short hair
pin RNA (shRNA) there was a significantly impaired the PGE, induced c-Src activation
and cell migration. This supports the idea that increased expression of the COX-2, which
in turn produces high amounts of PGE,, in the lung tumor microenvironment, may
initiate a mitogenic signaling cascade. This cascade is composed of EP4, betaArrestinl,

and c-Src which mediate cancer cell migration (Kim et al., 2010).
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Prostaglandin E, also induces CYP1B1 expression via ligand-independent
activation of the estrogen receptor alpha pathway in human breast cancer cells (Han et
al.,, 2010). Studies also support the associations between adenoma risk and genetic
variability related to PGE,, which suggest gene-environment interactions with anti-

inflammatory exposures (Poole et al., 2010).

2.14. Tumor model

In 1969, came the first report of the growth of a human tumour in an
immunodeficient “nude” (athymic) mouse (Rygaard et al., 1969). Since then, human
tumour xenografts grown in nude (Giovanella et al.,, 1972) or in mice with severe
combined immunodeficiency (SCID) (Boxma et al., 1983) have covered all of the major
tumour types and represented the mainstay of preclinical anticancer drug development
testing in vivo. Steel and colleagues established s.c. xenografts from a variety of tumour
types (actually in conventional CBA mice that had been immuno-suppressed by
thymectomy, cytosine arabinoside treatment and whole-body irradiation) and recorded
that “human tumour xenografts broadly maintain the level of chemotherapeutic
responsiveness of the source tumours in man” (Steel et al., 1983).

Background features in these mice include the features of the background strain,

such as H2 haplotype, behavior, and disease susceptibility. e.g., the NOD strain is
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susceptible to diabetes, and is deficient in natural killer (NK), macrophage, antigen

presenting cell (APC), and complement activity.

Table 1: Comparison of background features of a few immune deficent mice strains.

Background |Innate SCID-associated
Immunity(NK, [leakiness
B, APC cells;
complement
activity)
BALB Normal High
Substrains
C57BL/6 Normal High
NOD/LtSz impaired Low
|NU/J Normal na (Steel et al., 1983)

However a versatile and ideal mouse model should have the following features.

No functional B and T cells

No leakiness with age

No Natural killer (NK) cell activity

Lymphoma-resistant and long-lived

Enables long-term experiments

Superior ability to be humanized: excellent engraftment and differentiation of
human hematopoietic stem cells (HSCs) into mature human lymphoid and

myeloid cells
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Superior for HIV and other infectious disease research: can essentially be
engrafted with a human immune system

Adoptive transfer of diabetic T cells without irradiation

Superior for transplantation research

Breeds better

Lives longer

Hairless: subcutaneously transplanted tumors are easily visible

Athymic, so no need for thymectomy (Steel et al., 1983; Giovanella et al., 1972).
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3. METHODS AND MATERIALS
3.1. Peptide synthesis and purification

A peptide mimicking human EP3; receptor elP, (residues 189-227) with
homocysteine added at both ends was synthesized using the fluorenylmethoxycarbonyl-
polyamide solid phase method. After cleavage with TFA, the peptide was purified by
HPLC on a Vydac C4 reversed phase column with a gradient from 0 to 80% acetonitrile in
0.1% TFA. The purified peptide was dissolved in 1 mL of DMSO, and added to H,O at a
final concentration of 0.02 mg/mL for cyclization (by disulfide bond formation) (Figure
8). The solution is adjusted to pH 8.5 using triethylamine, and stirred overnight at room
temperature. It is then lyophilized and purified by HPLC on the C4 column (Ruan et al.,

2001).

3.2. Fluorescence spectroscopic studies with the purified peptide (EP3 eLP;)

0.75 mL (0.1 mg/mL) of the purified peptide (EPs eLP,) in a constrained loop form
was dissolved in 0.01M phosphate buffer, pH 7.2, with 0.1M NaCl, and incubated with
various concentrations of PGE,. The crude (non-cyclised) EP; eLP, peptide was also used
to assess the importance of cyclisation. The distance between the homocysteine residues
for the disulphide bond used for cyclisation was between 12-14A° which was similar to
the distance between the transmembrane loops in the homology models of the EP

receptors (Figure 8A). The excitation wavelength was set at 292 nm to measure the
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intrinsic signal of Trp residues. An emission scanning from 310-500 nm was monitored
during the ligand titration to the peptide at room temperature in a 1.0-cm-path-length
cell (Zhang et al., 2005). Fluorescence spectra were acquired with an SLM SPF500C

spectrofluorometer (Ruan et al., 2001) (Figure 10).

3.3. Concentration dependant decrease in [*H]PGE, binding in presence of peptide
EPselLP,

To further confirm the functional activity of the EPselLP, peptide the EP3 stable
cell line was incubated with increasing concentration (0.1, 0.32 and 0.5ug) of peptide
EPseLP, in the presence of [°’H]PGE,. The thromboxane A2 (TP) and prostacyclin receptor

(IP) eLP, were used as controls (Figure 11).

3.4. NMR Sample Preparation of the purified peptide (EP; eLP,)

4mg of the purified and constrained peptide was dissolved in 0.5 mL, pH 5.5,
10mM sodium phosphate buffer with 10% D,0, pH 6.0, at a final concentration of 2.43
mM. Next 0.5 mg of PGE, was dissolved in 50ul ethanol-ds and then added to 0.45 mL of

sodium phosphate buffer (20 mM) containing 10% D,0 (Callihan et al., 1996).

3.5. NMR experiments of purified peptide (EPs eLP,)
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All NMR experiments were carried out on a Bruker Avance 600 MHz NMR
spectrometer with a 5 mm Quadra-resonance cryo-probe at 293 K. Water peak was
suppressed by the Excitation Sculpting method (Callihan et al., 1996). 2D NOESY (300ms
mixing time), TOCSY and DQF-COSY for the above samples were recorded. Thereafter,
2.5 ul, 5 ul, 10 pl, 20 pl and 40 pl of PGE; in Ethanol-dg solution (1 mg/100 pl) was added
into the sample and the 1D proton spectra were recorded. 2D NOESY (200ms mixing
time) and TOCSY spectra were then recorded for the final mixture of EPs elp, and PGE,.
All 1D spectra contained 8k data points. NOESY and TOCSY spectra contained 2048 x 512
data points, and DQF-COSY spectra contained 4096 x 512 data points. NOESY was
recorded with 300 ms mixing time. For the experiments of the peptide in the presence
of ligand, NOESY was recorded with 150 ms mixing time. The TOCSY spectra were
carried out with MLEV-17 spin-lock pulse sequence with a total mixing time of 70 ms.
Quadrature detection was achieved in the F1 (Frequency one) by the States-TPPI
method (Marion et al., 1989). The NMR data were processed using Felix 2000 (Accelrys,
San Diego, CA). Shifted sine-bell window functions of 0° (for DQF-COSY), 70° (for TOCSY)
or 90° (for NOESY) were used in both dimensions. Chemical shift was referenced to the
internal standard DSS (contained in the D,0) (Marion et al., 1989, Ruan et al.,

2001)(Figure 12,13 & 14).

3.6. Site-directed Mutagenesis of residues identified by NMR in EP3 eLP,
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PAcSG-EP; wild-type cDNA was first subcloned into EcoRl/Xbal sites of the
pcDNA3.1 (+) expression vector. The EPs receptor mutants were then constructed using
standard PCR. The plasmids were then prepared using Midiprep kit (Qiagen) for the

transfection into HEK293 cells for expression (Ruan et al., 2003).

3.7. Expression of EP; Receptor Wild-type and Mutants in HEK293 Cells

HEK293 cells, placed on 10-cm dishes at a density of 2.0 x 10°, were cultured
overnight, at 37 °C in a humidified 5% CO, atmosphere in DMEM containing 10% fetal
bovine serum (FBS) , antibiotics, and antimycotics. Then, the medium was replaced with
DMEM+FBS without antibiotic and antimycotic. HEK293 cells were transfected with
purified cDNA of pcDNA3.1 (+)/EP3 wildtype or mutants with Lipofectamine. Twelve
hours later, the medium was replaced with DMEM + 10% FBS + antibiotics and
antimycotics. Approximately 48 hrs after transfection, the cells were subcultured and
incubated with G418 (selection antibiotic) for six weeks to generate four separate stable

cell lines. Western blot was performed to evaluate the protein expression (Figure 15A).

3.8. Ligand Binding Assay of wild type and EP; mutants
Ligand binding assays for the wild type and mutant EP; receptor were performed
on whole cells in 48-well culture plates with 0.0355 nM and 1.1185 nM [3H]PGE2 (3,000

and 30,000 cpm respectively, 30 Ci/mol,) in the presence and absence of 5 uM of
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unlabeled (cold) PGE, in the 0.1-mL reaction volume of DMEM at room temperature for
60 min. The reaction was terminated by adding 1 mL of ice-cold washing buffer (25 mM
Tris-HCI, pH 7.4) and the wells were washed. The ligand-bound cells were dissolved in
0.5 N NaOH, which was later neutralized with glacial acetic acid. The radioactivity was
counted using a micro beta TRILUX 1450 counter. The procedure was modified from the

following reference (D’Angelo et al., 1996) (Figure 15 B &C).

3.9. Calcium signaling assay of wild type and the mutants S211L, R214L and N217L
using PGE; and PGE,

The calcium assays were performed on the stable cell lines of the wild type and
the mutants S211L, R214L and N217L using PGE; and PGE; using Fluo8-AM dye. The cells
were cultured in 6-well plates for the Cytofluor plate reader, and incubated with Fluo8-
AM dye dissolved in Modified Hank’s buffered salt solution (HBSS, without Ca and Mg),
containing 10 mM HEPES, pH 7.6, and 0.1% bovine serum albumin (HBSSHB buffer) for a
total of 20 minutes. The cells were then washed with wash buffer containing HBSSHB
with probenecid acid (2.5 mM) and pluronic F-68 (0.1%) and incubated additionally for
10 minutes. Then 10 nM concentrations of both PGE, and PGE; were tested for a ca*
signal in a reaction volume of 1 mL wash buffer (Figure 16). The cells were then
suspended in the wash buffer and counted using a hemocytometer (neubauers

chamber). The Ca** signal was then normalized with respect to the number of cells.
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High throughput mutagenesis
3.10. High throughput mutagenesis of EP; receptor using PCR

Due to the differences found in the calcium signaling assay of EP1 receptor with
PGE; and PGE2 we decided to chose the EP1 receptor extra cellular loops for high
throughput mutagenesis experiment. Twenty four residues of the extra cellular loop
one and two of the EP; receptor were point mutated using conventional PCR (Figure
17A). The mutations were contained in both of the primers (forward and reverse) which
were designed using primerX software. The primers are phosphorylated so that the PCR
product can be ligated into a circle and used to transform cells. The primers were
designed such that the annealing portion had a T, ~60-632. The primers were
phosphorylated using the polynucleotide kinase enzyme PNK as mentioned in the kit.
Thereafter the reaction was heated at 65 °C for 20 minutes to kill the PNK. The primers
were used with the wild type EP; receptor pcDNA as the template. The template was
digested in the PCR reaction mixture by adding 1 pL of Dpnl, mixed, and incubating it for
at least 60 minutes at 37 °C. The reaction mixture of linear EP; mutant DNA was
incubated overnight at room temperature with ligase (e.g. 9° North and Taq) enzyme to
join the phosphorylated end and form a circular DNA (Figure 17B). Agarose gel (1%) was

used to detect the amplified mutant EP; receptor bands (Figure 18B).
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3.11. Generation of 24 EP; receptor mutation stable cell lines in HEK293 cells for
western blot, radioligand binding and calcium assay

HEK293 cells were transfected with 16 ug of ligated PCR product of EP; receptor
with 40 uL of Lipofectamine 2000 (Invitrogen) as mentioned previously. Twelve hours
later, the medium was replaced with DMEM + 10% FBS + antibiotics and antimycotics.
Approximately 48 hrs after transfection, the cells were subcultured and incubated with
G418 (selection antibiotic) for six weeks to generate twenty four separate stable cell
lines. Western blot (Figure 18A) and [°H]PGE, ligand binding assays (Figure 19 A&B)
were performed as mentioned previously on all the twenty four EP; mutant stable cell
lines. Calcium signaling assays were also performed on all the stable cell lines. The

details of the calcium signaling assay are mentioned previously (Figure 20).

EP Receptor Binding and Signaling Studies
3.12. EP receptor pcDNA

A pAcSG-EP cDNA cloned by our laboratory was first subcloned into EcoRI/Xhol
sites of pcDNA3.1 (-) expression vector to generate the plasmid of pcDNA:humanEP.
The pcDNA vector has a Cytomegalovirus (CMV) promoter and geneticin (G418) as the
selection antibiotic. All four wild type EP receptor plasmids were amplified using Qiagen

miniprep and maxiprep Kkits.
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3.13. Generation of HEK293 Cell lines expressing Recombinant EP Receptors

HEK293 cells were transfected with 16 pg of purified cDNA of pcDNA: hEP
receptors (EP;, EP,, EP3 and EP4) and 40 uL of Lipofectamine 2000 (Invitrogen) as
mentioned previously. Twelve hours later, the medium was replaced with DMEM + 10%
FBS + antibiotics and antimycotics. Approximately 48 hrs after transfection, the cells
were subcultured and incubated with G418 (selection antibiotic) for six weeks to

generate four separate stable cell line.

3.14. Western Blot analysis and confocal microscopy

Transfected HEK293 cells were scraped from 10-cm plates into ice-cold PBS
buffer, pH 7.4, and collected by centrifugation. After washing three times, the pellet was
resuspended in a small volume of the same buffer. Protein estimation was performed
using fluorescence spectroscopy. Each protein sample (15 pg) was separated by 10%
polyacrylamide gel electrophoresis under denaturing conditions and then transferred to
a nitrocellulose membrane. Bands for the EP receptors were recognized by the
individual EP receptor polyclonal antibodies and visualized with horseradish peroxidase-
tagged secondary antibody. Since the antibody was polyclonal, and detected multiple
bands we chose another non-specific band at 35 kDa (EP;), 40 kDa (EP,), 150 kDa (EPs)

and 40 kDa (EP4) as a loading control which was not our band of interest (Figure 21A).

38



Confocal microscopy was also performed to confirm the surface receptor expression in

the EP receptor stable cell lines (Figure 21D).

3.15. Ligand binding assay on the EP receptors as stable cell lines

Ligand binding assays for the EP receptors over expressed in the HEK293 cells as
stable cell lines were performed in 48-well plates. The stable cell lines grown in 10-cm
plates were suspended in phosphate buffered saline and the cell count per microliter
was performed using hemocytometer (neubauers chamber). Equal amount of cells were
pipetted and subcultured in 48-well plates for the [*H]PGE, radioligand binding. For the
saturation kinetics (to calculate the Kd) on the EP receptors (Figure 22(1)), the wells were
incubated for one hour at room temperature with increasing amounts of [°H]PGE, in a
reaction volume of 100 ul DMEM medium. The reactions were terminated by washing
the wells three times with cold PBS. The cells were then solubilized in 0.5N NaOH and
neutralized by glacial acetic acid. The solubilized cells’ [*H]PGE, count was then read
using a microbeta trilux counter. A set of three experiments were performed. [*H]PGE,
binding on HEK293 cells was also evaluated for non-specific binding (Figure 22(l)). For
the calculation of 1C50, [*H]PGE, was displaced with increasing log concentrations of
cold PGE; and cold PGE; and the counts measured accordingly (Figure 22(Il)). The
[*H]PGE, binding was also analyzed using various antagonists to the EP receptors. We

used three antagonists, namely SC19220 (EP; selective antagonist, 10 uM), AH6809
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(non-selective EP;, EP,, EP3 antagonist, 20 uM), and GW627368X (EP4; selective

antagonist, 100 nM) (Figure 25A).

3.16. cAMP Assay on the EP receptors as stable cell lines

The EP receptors in HEK293 cell lines were analyzed for signal transduction
capability mediated by Gs coupling using a cAMP assay according to the manufacturer’s
instructions (Amersham Biosciences). The stable cell lines (placed in 96-well plates)
were cultured overnight, at 37 °C in a humidified 5% CO, atmosphere in DMEM+ 10%
FBS + antibiotics and antimycotics. The cells were then incubated with 100 pM and 10
nM PGE, and PGE;, respectively for 10 min at 37 °C in the culture medium. Afterward,
the medium was removed and the cells were lysed. The intracellular cAMP produced by
the individual EP receptors was quantified in the 96-well microplates by Enzyme
Immunoassay (EIA) using a cAMP Biotrak EIA System. A set of three experiments were
performed. The cyclic AMP in HEK293 cells (as controls) was compared with that of the

EP receptors stimulated by PGE; and PGE, (Figure 26).

3.17. Calcium assay on the EP receptors as stable cell lines
The calcium assays were performed on the HEK293 EP receptor stable cell lines
using Fluo8-AM dye. The cells were cultured in 6-well plates for the Cytofluor plate

reader, and in 12-well glass bottom plates for the Nikon Ti-S eclipse microscope (40x
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objective) (Figure 23) and incubated with Fluo8-AM dye dissolved in Modified Hank’s
buffered salt solution (HBSS, without Ca and Mg), containing 10 mM HEPES, pH 7.6, and
0.1% bovine serum albumin (HBSSHB buffer) for a total of 20 minutes. The cells were
then washed with wash buffer containing HBSSHB with probenecid acid (2.5 mM) and
pluronic F-68 (0.1%) and incubated additionally for 10 minutes. Then 100 pM and 10 nM
concentrations of both PGE, and PGE; were tested for a Cca* signal in a reaction volume
of 1 mL wash buffer (Figure 23 & 24). The cells were then suspended in the wash buffer
and counted using a hemocytometer (neubauers chamber). The Ca®* signal was then
normalized with respect to the number of cells. The Ca®* signal was also analyzed using

various antagonists as mentioned above to the EP receptors (Figure 25B)).

3.18. Determination of leukotrine C4/D4/E4 in the EP; stable cell line using ELISA
Quantification of leukotrine C4/D4/E4 in the cultured cells stimulated with PGE;
and PGE, was detected using an ELISA Kit. Briefly, the EP, stable cell line grown in 10-cm
culture plates were washed three times with PBS and stimulated with 100 pM PGE; and
PGE, separately for 20 minutes in DMEM medium. The cell culture media and cell lysate
was collected and applied to a C18 cartridge. After washing with water, the bound
metabolites in the cartridge were eluted with acetone, dried by nitrogen gas, and then
dissolved in extraction buffer. The experiment (n=3) was performed according to the

manufacturer’s instructions (Figure 27 A&B).
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3.19. Determination of the Lipoxin B4 peak in the PGE; stimulated EP; stable cell line
using LC/MS

Quantification of Lipoxin B4 peak in the EP; stable cell line was detected by
LC/MS following the reported methods (Yang et al., 2002, Nithipatikom et al., 2003).
Briefly, the EP; stable cell line was incubated with 100 pM PGE; and PGE; and the serum
free cell culture media was collected and applied to a C18 cartridge. After washing with
water, the AA metabolites that had bound to the cartridge were eluted with acetone,
dried by nitrogen gas, and then dissolved in buffer A (30% acetonitrile and 0.1% acetic
acid). The sample was injected into the Waters Micromass LC/MS/MS system by an
auto-sampler. The metabolites are first separated by the RP-HPLC C18 column and then
automatically injected into the mass detector equipped with an ESI source in a negative
mode. Synthetic 5(S), 14(R) Lipoxin B4 standards were obtained from Cayman Chemical
Company (Ann Arbor, MI), and were used as standards to calibrate the LC/MS system,
identify the corresponding prostanoids, and normalize the detection limits and
sensitivities (Figure 28).
Establishing a tumor model
3.20. Engineering cDNA plasmids encoding the hybrid enzyme COX-2-10aa-mPGES-1
sequences

The pcDNA 3.1 vector containing a cytomegalovirus early promoter was cloned

with cDNAs of the COX-2 and mPGES-1 using a PCR (polymerase chain reaction) cloning
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approach. The sequences were confirmed by DNA sequencing and endonuclease
digestion analyses. The COX-2 and the mPGES-1 were linked through the 10 amino acid

(aa) sequence on the pcDNA 3.1(+) vector (Ruan et al., 2009).

3.21. Expression of the hybrid enzyme synthases in HEK293 cells

The recombinant pcDNA 3.1 vector containing COX-2-10aa-mPGES-1 synthases
were expressed in HEK293 cells as described (Deng et al., 2002, 2003; Ruan et al., 2005).
The HEK293 cells were grown and transfected with the cDNA of the recombinant
synthases (COX-2-10aa-mPGES-1) by the Lipofectamine 2000 method (Hatae et al.,
2002), following the manufacturer’s instructions (Invitrogen). The stable cell line was
created after 4 weeks of using Geneticin (G418) as the selection antibiotic. The stable
cell line was harvested for further enzyme assays and a Western blot analysis and
immunostaining was performed to identify the stable expression. Similarly, a stable cell
line co-expressing COX-2 and mPGES-1 was also generated and evaluated using western

blot and immunostaining (Figure 31 & 32).

3.22. Cell culture
HEK293 cells from ATCC were cultured in a 10-cm cell culture dish with high
glucose DMEM containing 10% fetal bovine serum and 1% antibiotic and antimycotic

acid, and were grown at 37 °C in a humidified 5% CO, incubator.

43



3.23. Western blot analysis of hybrid enzyme expression

Both HEK293 cells transfected and untransfected were washed with ice-cold PBS
(0.01 M phosphate buffer, pH 7.4, containing 0.15 M NaCl), and collected by
centrifugation. The pellets were washed three times and re-suspended in a small
volume of the same buffer and stored in -80°C, until further assays were performed. The
whole cell proteins were extracted by 10% SDS, separated by 8-16% (w/v)-PAGE under
denaturing conditions, and then transferred to a nitrocellulose membrane. COX-2 and
mPGES-1 primary antibodies were used to visualize the bands with horseradish
peroxidase-conjugated secondary antibody (Lin et al., 2000). Similarly COX-2 and
MPGES-1 co-transfected HEK293 cells were also assessed by western blot analysis for

protein expression (Figure 31 & 32).

3.24. Determination of Enzyme activity for COX-2-10aa-mPGES-1 using the High
Performance Liquid Chromatography (HPLC) method

To determine the activities of the synthases that converted AA into PGE, through
the tri-catalytic functions, different concentrations of [**C]AA were added to the stable
cell lines in a total reaction volume of 0.225 mL (25uL cells + 200uL 2.5mM glutathione
in PBS). After an incubation for 0.5 — 5 minutes the reaction was stopped by adding

0.2 mL 0.1% TFA (trifluoroacetic acid) and 0.2 mL 2mM SnCl, (Ruan et al., 2009). The
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mixture was briefly vortexed for 1 min to ensure termination of the reaction. After
centrifugation (6,000 rpm, 5 minutes), the supernatant was passed through a C18
octadecyl column (Honeywell Burdick & Jackson) and eluted with 0.5 mL acetone, which
was then evaporated under a gentle stream of air. Buffer A was used to re-dissolve the
protein and load the sample onto an HPLC C18 column (Varian Microsorb-MV 100-5,
4.6 x 250 mm) using the solvent A with a gradient from 35 to 100% acetonitrile for
45 min at a flow-rate of 1.0 mL/min. The metabolized [**C]AA into [**C]PGE; as the end-
product profile was monitored directly by a flow scintillation analyzer (Packard 150TR)

(Figure 33).

3.25. PGE,; level determination in tumor containing nu/nu mice serum using enzyme
immunoassay (EIA)

The BALB/c nu/nu mice with 1 month old tumors growing on their flanks were
sacrificed by cervical dislocation and the blood collected from the heart. The blood was
centrifuged and the serum collected for evaluation of PGE, levels. Supernatant of the
blood (serum) was diluted 100 times using PBS containing 0.1% bovine serum albumin
and then used for determination of the end-product, PGE,, using an EIA kit following the

manufacturer’s instructions (Cayman Chemical Co) (Figure 35B).
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3.26. PGE, level determination in serum of BALB/c/nu/nu mice with tumors using
LC/MS/MS and ELISA

The serum collected from BALB/c nu/nu mice as described above was passed
through the C18-Sephadex column and eluted with acetone in a glass tube. The acetone
was evaporated and the solute was dissolved in 0.25mL buffer A. Quantification of PGE,
was detected by LC/MS/MS following the reported methods (Takiguchi et al., 1999). The
sample was directly injected into the Waters Micromass LC/MS/MS system by an auto-
sampler. The synthetic PGE,, obtained from Cayman Chemical Co., was used as a
standard to calibrate the LC/MS/MS system, identify the corresponding prostanoid and
normalize the detection limits and sensitivities. The serum was also used to perform
ELISA using anti PGE; antibody (Figure 35A).
3.27. Immunofluorescence staining of stable cell lines

The stable cell line and the non-transfected cell controls were grown on a cover
glass and washed with PBS and then incubated with 3.7% formaldehyde for 10 minutes.
They were then blocked for 20 minutes before being incubated with 1% saponin for 20
minutes. Then the primary antibody was added (10 pg/mL of affinity-purified anti-
human COX-2 or mPGES-1 antibody) in the presence of 0.25% saponin and 10% goat
serum for one hour. The cells were incubated for another hour with the secondary

antibodies after washing with PBS (Deng et al., 2002; Lin et al., 2000). Cells stained with
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the FITC- or Rhodamine-labeled antibody were viewed under the Zeiss Axioplan 2

epifluorescence microscope (Figure 32).

3.28. Subcutaneous tumors on BALB/c nu/nu mice with cotransfected and COX-2-
10aa-mPGES-1 in HEK293 cells

The COX-2, mPGES-1 co-transfected stable cell line, COX-2-10aa-mPGES-1 stable
cell line and HEK293 cells as controls were harvested in PBS and counted using a
neubauers hemocytometer chamber. Approximately 50,000 cells containing COX-2-
10aa-mPGES-1 and COX-2, mPGES-1 co-transfection were subcutaneously injected
separately on the right flank of eight 4-week old BALB/c nu/nu mice using a 23 bore

needle (Figure 34).

3.29. Subcutaneous peripheral EP receptor tumors on BALB/c nu/nu mice with COX-2-
10aa-mPGES-1 in HEK293 cells

EP receptor stable cell line (20 total injections for each group) was injected
peripherally around the central hybrid enzyme tumor producing high amount of PGE,
levels. The EP stable cell lines were monitored for growth around the central PGE;
producing tumor. The tumor occurrence for each of the EP stable cell line was noted for

evaluation using the fisher’s exact test (Fisher, 1922) (Figure 36 & 37).
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3.30. Primary culture of tumors grown on BALB/c nu/nu mice

The mice were sacrificed by cervical dislocation and the tumors generated were
harvested in oxygenated DMEM containing FBS and AA in a 10-cm cell culture plate. The
tumors (COX-2-10aa-mPGES-1, COX-2, mPGES-1 co-transfection and EP;) were cut into
fine pieces using a regular blade and the tumor debris manually removed using a
forceps. The cells detached from the tumor and suspended in the culture medium were
cultured in a new 10-cm plate with the same culture medium. After the primary culture
cells began to attach and multiply in the plate, G418 was added for cell selection to
generate a stable cell lines from the primary culture. Thus stable cell lines containing
COX-2-10aa-mPGES-1, COX-2, mPGES-1 co-transfection and EP; receptor were re-
established from the tumor primary culture. The stable cell lines were confirmed by

western blot and immunostaining (Figure 31,32 & 38).
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4. RESULTS
4.1. Homology Model and Peptide design

A peptide mimicking human EP receptor elP, (residues 189-227) with
homocysteine added at both ends of the loop was synthesized. The peptide was cyclised
by formation of a disulfide bond between the homocysteine residues. A model of
human EP; receptor with seven TM domains and extracellular loops was created by
homology modeling using the recently crystallized beta2 adrenergic receptor as the
template for the transmembrane domains. The elLP; region is indicated by a circle. The
distance between the transmembrane helices is between 12-14 angstroms which is
similar to the distance between the disulphide bonds formed by the homocysteine

residues in the peptide (Figure 8).

4.2. Sequence alignment of the elP, regions from the eight human prostanoid
receptors

Sequence alignment of the identical residues among the elP, regions was
performed. The identical residues, QW-PGTWCF, in the elLP, regions are centrally
located within the eLP,. The identified key residues, S211 and R214, are not conserved
in other elLP,’s. This indicates that these residues of EP3 eLP, could be involved in

specific ligand recognition (Figure 9) (Chillar et al., 2008).
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Figure 8: (A) The seven transmembrane domains (TM1-TM7) model of the human EP; receptor created by
homology modeling based on the Xray structure of B2 adrenergic receptor. The distance in angstroms (A)
between the termini of the fourth (TM4) and fifth (TM5) transmembrane domains and others was shown.
The synthesized peptide, EP3eLP2, is marked with a circle. (B) The amino acid sequence of the synthesized
elLP, is shown in the constrained form, which had a connection between the N- and C-termini by a
disulfide bond using additional homocysteine residues to give a separation of about 12A as indicated in

the model (A). (C) The chemical structure of PGE,.
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QYTVQW-PGTWCFISTGRGGNGTSSSHNWGN (ep3-1p2)

RYELQY-PGTWCFIGLGP--PGGWRQ--A (EP1-1p2)

QY-VQYCPGTWCFIRHGRTAYL---Q (EP2-1p2)

SR-LOQ--PDTWCFIDWT-T-NVTA-HAAY (EP4-1p2)

RYTVQY-PGSWCFLTLGAES-GD (TP-LP2)
GQ-HOQYCPGSWCFLRMRWAQPGG (IP-LP2)
GKFVQYCPGTWCFIQOMVHEE-GSLS (DP-1p2)
DYKIQASR-TWCFYNTEDIKDWED (FP-1p2)

Figure 9: Sequence alignment of the elLP, of different prostanoid receptors. The highlighted residues are
conserved among all the receptors. The conserved residues in EP; are underlined and the residues for
mutation identified by NMR are indicated by arrows.

4.3. Characterization of the interaction between PGE, and the constrained and crude
EP; eLP, segment using fluorescence spectroscopy and radioligand binding

The intrinsic fluorescence signal generated from Trp residues is sensitive to the
conformational change of the constrained peptide induced by the interaction with its

ligand. The distance between the centers of the TM4 and TM5 connecting the eLP; is
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Figure 10: Fluorescence spectroscopic analysis for the interaction of the receptor ligand with the synthetic
peptide, corresponding to the elLP, of the EP; receptor. The fluorescence spectra were recorded as
described under ““methods.” The fluorescence enhancement of the synthetic cyclised peptide (0.1 mg/ml)
by the addition of its ligand (3.4— 68.1uM) was plotted. The increase in the fluorescence intensity of the
peptide was calculated by subtracting the fluorescence intensity obtained from the peptide in the
absence of the ligand. The fluorescence changes of the non cyclised or crude EP; eLP, peptide (0.1 mg/ml)
with addition of PGE, (3.4— 68.1uM) is also plotted.

12.28A, based on the human EP; receptor model generated by molecular modeling
using the B, adrenergic receptor as a template (Figure 8A). The cyclised peptide (Figure
8B), with PGE, was tested by fluorescence spectroscopy (Figure 10). The fluorescence
intensity of the constrained EP3 eLP, peptide increased by 11-14% (Kd -5.12) with PGE,

in a concentration-dependent fashion, which started at 3.4 uM and became saturated at
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Figure 11: Concentration dependant decrease in [°’H]PGE, binding in presence of peptide EPseLP,. The
increasing concentration of the peptide EPselp2 showed a decreased binding with the EP; receptor. This
indicated that the synthetic peptide was functionally active and was binding to the radioligand [*HIPGE,.
The thromboxane A, receptor (TP) and prostacyclin receptor (IP) eLP,’s were used as controls. The TP
showed a very high binding due to large number of hydrophobic residues in TP eLP,

68.1 uM of the ligand (Figure 10). However, non-significant fluorescence changes (4%)
were induced upon the addition of PGE, to the crude EP; elLP,. There was a
concentration dependent decrease in [*H]PGE, binding with increasing concentrations
of EP3 elP, peptide (Figure 11). These results indicate that the constrained EPs elLP,
peptide is able to adopt an active conformation, which mimics the elLP, of the EP3

receptor.
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4.4. Characterization of the interaction between PGE; and the EP3 eLP, segment using
2D proton NMR spectroscopy

To further identify which proton in PGE, contacts with the EP3; eLP, fragment, 2D
proton NMR spectroscopy was used. NOESY, TOCSY of PGE; in the absence and
presence of the constrained EP; eLP, peptide were recorded in H,O with 10% D,0. The
binding of PGE, to the peptide was supported by the changes of the proton cross-peaks,
from the negative phase (green peaks, fast tumbling) in free PGE, (Figure 12A) to the
positive phase (blue peaks, slow tumbling) in PGE, with the EP; elLP, peptide (Figure
12B). This is a strong indication of the transition of PGE, from free to bound status. By
analysis, more cross-peaks appeared in the NOESY spectrum of PGE, with the elLP,
peptide which clearly indicates that a stable conformation of PGE, was induced by the

peptide.

4.5. Identification of residues for point mutation

Recently, the residues for ligand recognition in the elLP, region of human TP was
assessed by So et al., 2003 which provided fundamental information suggesting that
elLP,’s are involved in specific ligand recognition. On further analysis of the cross peaks
in the NOESY spectra of the EP3 eLP, and PGE, mixture, intermolecular cross peaks were

identified for two residues (serine 211 and arginine 214). These cross peaks indicated a
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close contact between these two residues and PGE,. This suggests that these two

residues will also interact with PGE, in the entire EP3 receptor. The Figure 13 &14 shows

the
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Figure 12: NOESY spectra of PGE, without (A) and with (B) the presence of the EP; eLP, peptide. The cross-
peaks in (A) contained the negative (green) phases (fast tumbling), compared to the diagonal, whereas
the cross-peaks in (B) contained mostly the positive phase (blue phases), (slow tumbling). The peaks
appearing from in both spectra are labeled with a rectangle. (A) Peaks generated by PGE,. (B) Peaks

indicate extra intra-molecule NOEs of PGE2 when interacted with EP; eLP, peptide which represents their
interaction.

intermolecular NOE cross peaks identified. The beta proton of serine 211 was shown to

contact with H7 of PGE,, and the 6 guanidine hydrogen of residue Arg214, was shown to
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come in contact with protons, H2, H4, and H13/14 of PGE, in solution. Residue
asparagine (N217) was chosen as an internal control due to its similarity in size and
hydrophilicity. All three residues identified were mutated to leucine (Norclone biotech

laboratories) which is more hydrophobic in nature.
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Figure 13: Residue identification from NOESY spectrum of EP; eLP, with and without PGE,. (1) Peaks for
serine 211 of eLP, peptide only. (2) Cross peaks of peptide with PGE, for residue serine 211 B proton
(dimension 1) in contact with proton 7 of PGE, (dimension 2) (3), Chemical structure representation of
serine 211 in contact with PGE,
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Figure 14: Residue identification from NOESY spectrum of EP; eLP, with and without PGE,. (1) Peaks for
arginine 214 of eLP, peptide only.(2)Cross peaks for residue arginine 214 guanidine protons(dimension 1)
in contact with proton 2, 4 and 13 /14 of PGE, (dimension 2).(D) Chemical structure representation of
arginine 214 in contact with PGE,.

4.6. Radioligand binding of EP; wild type versus mutants

The cells expressing recombinant EPs, were incubated with [*H]PGE, with and
without unlabelled PGE; (Cold PGE;). The mutants S211L and R214L showed significantly
reduced binding when compared to the EP3 wild type. The mutant N217 which served as

our internal control showed binding similar to the wild type. Cold PGE; inhibited the
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[*H]PGE, binding which was similar to that of HEK293 only. The results are presented

as the mean + SD from three assays (n = 3) in (Figure 15). On comparing the [*H]PGE,
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Figure 15. (A) Western blot of the transfected wild-type and mutant EP3 receptors on HEK cells showing
good protein expression. (1)HEK only, (2) wild type EP3 (3) Mutant S211L, (4) Mutant R214L,(5) Mutant
N217L. (B), Histograms showing total binding and nonspecific binding for the EP3 wild type and mutants,
showing a significant decrease in binding for the mutants with low [3H] PGE2 counts (0.03555nM, 9000
cpm’s) in the reaction volume (100uL).(C) Shows an increase in binding for the mutants at higher counts (
0.1185nM, 30,000 cpm’s) but it is still less than the wild type and the internal control mutant N217L. Thus
both the mutants S211L and R214L show significantly decreased binding when compared to wild type and
the internal control mutant N217L. Binding to HEK only was comparable to the nonspecific binding in the
presence of Cold PGE2 (5uM). The results are presented as the mean + SD and are representative data
from three assays (n = 3).
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Figure 16: Calcium signaling assay of wild type and the mutants S211L, R214L and N217L using PGE; and
PGE,. 10nM PGE; and PGE, was tested for a calcium signal. Mutant S211L was able to differentiate
between the two ligands as it showed a normal calcium signal with PGE; and reduced signal with PGE,.
Cells were grown in 6 well plates and incubated with Fluo8 AM dye as mentioned in the procedure. The
calcium signal was detected one well at a time using multi well cytoflour plate reader.

binding at low concentration (0.03555 nM, 9000 cpm) and high concentrations (0.1185
nM, 30000 cpm) it was observed that there was an increase in [3H]PGE2 binding to the
mutants, yet it was still significantly less as compared to wild type and internal controls
(Figure 15 B&C). This signifies that a single point mutation can significantly alter the

receptor binding and that the binding is not restored even with high concentration.

4.7. Calcium signal of EP; wild type versus mutants

HEK293 cells expressing recombinant EP3 and mutant receptors were grown in 6-

well plates and the Ca®" signal as fluorescence intensity, for PGE; (10 nM) and PGE, (10
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nM) was detected using Fluo8-AM dye. PGE; showed a higher Ca** signal with mutant
S211L receptor as compared to PGE,. Thus the calcium signal difference between PGE;
and PGE; suggested that the mutant specifically inhibited PGE, activity and not PGE;
(Figure 16).
High throughput mutagenesis
4.8. Establishing twenty four stable cell lines expressing EP; mutant receptors from
PCR product direct transfection

Twenty four stable cell lines in HEK293 cells expressing mutant EP; receptors
were generated using PCR product direct transfection using lipofectamine as mentioned
before. The residues indicated in Figure 17A were mutated using the method shown in
Figure 17B. The PCR amplification band is shown in Figure 18B. Western blot analysis
was performed (primary Ab: Rabbit anti EP, secondary Ab: Goat anti-rabbit HRP) to
evaluate the receptor protein expression, and revealed a good mutant EP; protein

expression with GAPDH as loading controls (Figure 18A).

4.9. Radioligand binding of EP; wild type versus twenty-four EP; mutants generated by
high throughput mutagenesis

The stable cell lines expressing twenty-four EP; mutants in HEK293 cells
(produced by direct transfection of PCR products) were incubated with [3H]PGE2

(0.03555 nM, 9000 cpm) with and without unlabelled PGE; (Cold PGE,). The mutants
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Figure 17: (A) The amino acid sequence of the extra cellular loops of the EP, receptor. The residues in red
indicate the region of the residues chosen for mutation to alanine. Alanine was however mutated to
glycine. Residue 183 was not mutated as the sample was lost to experimental spilling. The arrows indicate
the residues identified which showed reduced binding to [*HIPGE, after direct transfection of PCR
product into HEK293 cells as a stable cell line. (B) Principle applied for point mutation using PCR. The
phosphorylated primers were used for generating point mutations in the wild type EP, pcDNA template.
The amplified linear strands produced were incubated with Dpn-1 for digesting the template. These linear
strands were treated with T4 DNA ligase to ligate the phosphorylated ends. The circular DNA thus
generated was used for direct transfection into HEK293 cells to generate stable cell lines.
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Figure 18. (A) Western blot of the 24 EP, receptor mutants expressed in HEK293 cells. The 24 EP; mutant
stable cell lines (15ug protein) were run through a 8-16% SDS Page gel. The EP, bands were detected at
42 kDa for all the stable cell lines with their respective GAPDH controls. (B) Agarose gel (1%) of the
mutated PCR product. Ethidium bromide illumination of the amplified PCR product of the mutated EP,
receptor used for direct transfection into the HEK293 cells is at 4000kb. The template is visible at 8000kb.
The lanes showing primer only, template only and template plus primers is marked with arrows.
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Figure 19: Radioligand [°H]PGE, binding to the EP, mutant receptors as stable cell lines. (A) The
histograms represent the normalized [3H]PGE2 binding on the wild type EP, receptor and the 12 EP,
mutants of the extra cellular loop one and two, as a stable cell line. (B) The histograms represent the
normalized [3H]PGE2 binding on the remaining 12 EP,; mutants of the extra cellular loop one and two, as
a stable cell line. The red arrows represent the mutants showing reduced [*H]PGE, binding. The
experiments were performed in 24 well plates with 1.1185nM [3H]PGE2 per well in a reaction volume of
200uL as mentioned in procedure with n=3 experiments..
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Calcium fluorescence

Figure 20: Calcium assay of the wild type EP, receptor, HEK293 alone and the three mutants identified by
radioligand binding. The significantly decreased calcium signal for the mutants was elicited by 10nM PGE;
and PGE, but was not able to differenciate between the two ligands. The remaining 21 mutants showed a
normal calcium signal comparable to the wild type. The calcium assay was performed by culturing the
cells in glass bottom plates, incubating with fluo8 AM dye and using the Nikon Ti-S eclipse microscope (40x
objective) with n=3 experiments.

A104G, P105A and P184A showed significantly reduced binding when compared to the
EP; wild type. The results are presented as the mean + SD from three assays (n = 3) in

(Figure 19 A&B).

4.10. Calcium signal of EP; wild type versus three mutants

HEK293 cells expressing recombinant EP; and mutants A104G, P105A and P184A

receptors were grown in glass bottom plates and the ca® signal as fluorescence
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intensity, for PGE; (10 nM) and PGE;, (10 nM) was detected using Fluo8-AM dye. All
three mutants showed a lower Ca** signal with PGE; and PGE,. Thus the calcium signal

was not able to differentiate between the two ligands, PGE; and PGE, (Figure 20).

EP receptors binding and signaling studies
4.11. Establishing four stable cell lines expressing EP4, EP,, EP3, & EP, receptors

Due to the co-expression of EP receptors in various tissues, organs and cancer
cell lines (Artur et al., 1996; Sugimoto et al., 1992; Honda et al., 1993; Watabe et al.,
1993; Katsuyama et al.,, 1995) it becomes difficult to assess the importance of the
individual EP receptors. Therefore to study the EP receptors individually we generated
four stable cell lines in HEK293 cells. There was no noticable difference in growth rate
between the individual cell lines. Western blot analysis was performed (primary Ab:
Rabbit anti EP, secondary Ab: Goat anti-rabbit HRP) to evaluate the receptor protein
expression, and revealed that the EP; and EP4 expression was lower when compared to
EP5 and EP, (Figure 21A). Since the primary antibody detected multiple bands, we chose
non-relevant bands at 35 kDa (for EP4), 40 kDa (EP;), 150 kDa (EP3) and 40 kDa (EP4) as
loading controls. Confocal microscopy, however, showed a good surface expression of
the EP receptors in these stable cell lines with their adjacent HEK293 controls (Figure

21D).
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Figure 21: (A) Shows the western blot expression of the 4 EP receptor stable cell lines, and other bands
at 35kDa (for EP1), 40kDa (EP2), 150kDa (EP3) and 40kDa (EP4) as loading controls due to the antibody
detecting multiple nonspecific bands. (B) Shows the presence of EP receptors in two cancer cell lines DLD1
(colorectal adenocarcinoma) and HCC1954 (ductal carcinoma of the breast).(C) and in human embryonic
stem cells.(D) Surface expression of EP receptors was detected by immunostaining on stable cell lines
using confocal microscopy with their adjacent HEK293 controls using secondary antibody.

4.12. Expression of subtype EP receptors in cancer cell lines and stem cells
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Western blot analysis of cancer cell lines (DLD1 or colorectal adenocarcinoma
and HCC1954 or ductal carcinoma of the breast) was performed. Both the cancer cell
lines showed expression of all the four EP receptors (Figure 21B). The human embryonic

stem cells showed all EP receptors expression except EP3 (Figure 21C).

4.13. Comparison of [*H] PGE, binding to the four subtype EP receptor stable cell lines

HEK293 cells expressing recombinant EP receptors were incubated for 1hr with
increasing concentration of [H]PGE, following the saturation kinetics. The Kd of
[3H]PGE2 for the EP,, EP,, EP3 & EP4 receptors was 0.21 nM, 0.16 nM, 0.42 nM, and 0.15
nM respectively. The BMax thus calculated was EP; (1.48), EP, (2.05), EP3 (28.3) and EP4
(15.57). Thus PGE, showed higher affinity or preference for EP, and EP,4 receptors as
compared to EP; and EP; (Figure 22(I) A&B). The IC50 thus calculated from [*H]PGE,
displacement experiments for cold PGE; and PGE, on the EP receptors is: EP; ( PGE;: 3
UM, PGE,: 8 uM), EP,, (PGE;: 0.1 mM, PGE,: 5 uM), EP; (PGE;: 1 uM, PGE,: 100 nM) and
EP, (PGEy: 1 uM, PGE,: 100nM) (Figure 22(1l) A,B,C & D).
4.14. Effect of [*H] PGE, binding to the four subtype EP receptor using available
antagonists

[*H]PGE, (0.3 nM) was incubated with the antagonists, namely SC19220 (EP;
selective antagonist, 10 uM), AH6809 (non-selective EPy, EP,, EPs-1ll antagonist, 10 uM),

and GW627368X (EP,4 selective antagonist, 100 nM). The antagonists showed minimal
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Figure 22: (I) (A) saturation kinetics of [’H]PGE, in nM concentration binding to EP, and EP,.(B) Binding
to EP5; and EP, as stable cell lines in whole cells. The Kd of [3H]PGE2 for the EP,, EP,, EP; & EP, receptors
was 0.21 nM, 0.16 nM, 0.42 nM, and 0.15 nM respectively. The BMax thus calculated was EP, (1.48), EP,
(2.05), EP; (28.3) and EP,4 (15.57). (ll) Displacement kinetics of [*H]PGE, using log concentrations of cold
PGE, and PGE; on (A) EP4, (B) EP, (C) EP; and (D) EP, recombinant receptors expressed in HEK293 cells for
determination of IC50 values. The IC50 thus calculated is , EP, ( PGE; 3uM, PGE, 8uM), EP,, ( PGE; 0.1mM,

PGE, 5uM), EP; ( PGE; 1uM,PGE, 100 nM) and EP, ( PGE; 1uM, PGE, 100nM).
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inhibition of [3H]PGE2 binding to EPy, EP4 and EP, receptors but no inhibition to EP;

receptor (Figure 25).

4.15. Comparison of calcium signal of PGE; and PGE, on recombinant EP receptors
expressed in HEK293 cells

HEK293 cells expressing recombinant EP receptors were grown in 6-well plates
and the Ca®* signal as fluorescence intensity, for PGE; (100 pM and 10 nM) and PGE,
(100 pM and 10 nM) was detected using Fluo8-AM dye. PGE; showed a higher Ca*
signal with EP; receptor as compared to PGE,. There was a two-log concentration
difference between PGE, and PGE; for generation of ca* signal in EP4 receptors. PGE;
and PGE, generated the same intensity of Ca** signal for the EP; receptor whereas no

significant Ca®* signal was detected with EP, receptor (Figure 23).

4.16. Calcium signal confirmation using fluorescence microscopy

Single cell Ca®* signal for the EP; receptor was evaluated using fluorescence
microscopy with Fluo-8AM dye. The single cell Ca®" signal as fluorescence intensity was
plotted for both PGE; (100 pM and 10 nM) and PGE, (100 pM and 10 nM). PGE; was
able to produce a significantly higher calcium signal at 100 pM concentration than PGE,

as shown (Figure 24).
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Figure 23: Calcium signaling assay of the EP receptor stable cell lines using PGE; and PGE,. (A) Closed
bars show the calcium signal as fluorescence intensity of 100pM PGE, and open bars for 100pM PGE;. (B)
Shows the calcium signal with 10nM PGE, (closed bars) and10nM PGE, (open bars). The EP, receptor was
able to differentiate between the two ligands at 100pM concentration. PGE; showed a higher calcium
signal than PGE, at 100pM concentration. The EP receptor stable cell lines were grown in 6 well plates,
incubated with Fluo8AM dye and the calcium signal evaluated one well at a time using the multi well
cytofluor plate reader with n=3 experiments.
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Figure 24: Shows single cell calcium signal for EP, receptors expressed in HEK293 cells as a stable cell line
using 100pM and 10nM PGE; and PGE,. (I) (BL) baseline calcium signal for HEK293 cells expressing EP1
receptors. The corresponding calcium signal is with 100pM PGE;, 100pM PGE2, 10nM PGE; and 10nM
PGE,. (Il) Single cell calcium signal as fluorescence intensity plot for (100pM) PGE; and PGE, on the left
hand side and for 10nM PGE,; and PGE, on the right hand side. The cells were grown in glass bottom
plates, incubated with Fluo8AM dye and the calcium signal evaluated using Nikon Ti-S eclipse microscope.

4.17. Comparison of calcium signal of PGE; and PGE;, in recombinant EP receptors
expressed in HEK293 cells using available antagonists
The Ca** signal was analyzed using various antagonists to the EP receptors. The

three antagonists, namely SC19220 (EP; selective antagonist, 10 uM), AH6809
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Figure 25: Radioligand binding ([*H] PGE,) and calcium signaling on EP receptor stable cell lines in
presence of EP receptor antagonists as mentioned in procedure. (A) [*H] PGE, binding in the presence of
antagonists. (B) The calcium signal as fluorescence intensity using Fluo 8 AM dye for (10nM) PGE, and
(10nM) PGE; on the EP receptors using the available antagonists. The three antagonists are SC19220 (EP,
selective antagonist), AH6809 (nonselective EP,, EP,, EP5-lll antagonist), and GW627368X (EP, selective

antagonist).

(nonselective EP;, EP,, EPs3-lll antagonist, 20 uM), and GW627368X (EP; selective
antagonist, 100 nM) were evaluated. They were able to partially inhibit the Ca®* signal

(Figure 25).
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4.18. Comparison of cyclic AMP accumulation with PGE; and PGE; in recombinant EP
receptors expressed in HEK293 cells

The 10-minute cyclic AMP accumulation upon stimulation of the EP receptors
was quantified using the cAMP Biotrak Enzyme Immune Assay System. Both PGE; and
PGE; (10 nM and 100pM) produced a moderate cAMP accumulation upon EP; receptor
stimulation. The highest cAMP accumulation was seen through the EP, receptor
whereas a comparable cAMP accumulation was seen for the EP; and EP,4 receptors.

However, the cAMP accumulation was inconclusive in differentiating between the two

ligands (Figure 26).

100pM 10nM
A — B 4000- B FGE;
4000- CPGE, PG
y = 30004
= 3000- -
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Figure 26. cAMP accumulation in EP stable cell lines treated with (A) 100pM, PGE, (closed bars) and
100pM, PGE,(open bars) and (B) 10nM, PGE, (closed bars) and 10nM, PGE;(open bars) on the EP receptor
stable cell lines in HEK293 cells. EP, stable cell line was cultured in 10cm plates and incubated with PGE;
and PGE,. The treated cells were processed according to manufacturers instructions provided in the kit.
The cells were processed in 5ml of the buffer provided in the cAMP Biotrak EIA System.
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4.19. Comparison of leukotrine C4/D4/E4 levels with PGE; and PGE,

LC/MS/MS analysis of supernatant from EP; stable cell line treated with PGE;
and PGE; showed extra peaks resembling the molecular weights of many leukotrienes
(Figure 27A) (Table 2). The leukotrine C4/D4/E4 levels in the EP; stable cell line were
compared after stimulation with 100 pM PGE; and PGE,. PGE, was able to stimulate
higher levels of leukotrine C4/D4/E4 levels using the oxford biomedical research ELISA
kit. The levels were 0.8 ng/mL with PGE; and 0.42 ng/mL with PGE,. Control HEK293
cells also showed some amount of Leukotriene production (Figure 27B). PGE; is a known
inflammatory molecule and we suggest that the increase in the Leukotrienes through

the EP; receptor is the main differentiating feature between the two ligands.

4.20. Comparison of Lipoxin B4 peaks in EP; stable cell lines using LC/MS

The EP, stable cell line was incubated with 100 pM PGE; and PGE, for 20
minutes. The serum-free cell culture medium with the cell lysate was collected and
passed through C18 column, eluted with acetone, dried and dissolved in solvent A. The
metabolite of Lipoxin B4 called 20-hydroxy lipoxin B4 was detected with LC/MS at
21.441 minutes with MW 368.4633 g/mol. The standard 5(S), 14(R) Lipoxin B4
metabolite 20-hydroxy lipoxin B4 peak was also detected at 21.441 mins. Lipoxin B4 is a
potent anti—inflammatory eicosanoid involved in phagocytic clearance of apoptotic

leukocytes. We suggest that it could be lipoxin B4 which is involved in the anti-
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inflammatory activity of PGE; through the EP; receptor (O'Sullivan, 2007, Parkinson,

2006) (Figure 27A, 28&29).

60 800 1000 20 400 1600 18O DM 20 A0 HO X0 IO
Time (minutes)

Leukotriene C4/D4/E4

PGE2 HEK293 PGE1 HEK293
Cortrol Cortrol

Figure 27: (A) Superimposed mass spectroscopic (LC/MS/MS) analysis of the supernatant of EP, stable cell
line treated with 100pM PGE; and PGE,. Cells were cultured in a 10cm plate and incubated with 100pM
PGE, and PGE, for 20 mins. The supernantent was passed through C18 column and eluted with acetone. It
was dried and dissolved in 100uL buffer A with 50 plL used for LC/MS/MS analysis. The dotted arrows
indicate the extra peaks seen in the PGE, treated sample (similar MW of Lipoxin B4). The solid arrows
indicate the extra peaks seen in the PGE, treated sample (similar MW of leukotrienes) Table 2.. (B) The
leukotriene C4/D4/E4 detection assay of EP; stable cell line incubated with PGE; and PGE, using ELISA. EP,
stable cell line in 10cm plates were incubated for in serum free DMEM medium with 100pm PGE; and
PGE, with HEK293 controls. The medium with the cell lysate was passed through C18 column and the
acetone eluted substance was evaluated using oxford biomedical research ELISA kit EA 39.
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Table 2: Pubchem results for molecular weights similar to the extra peaks seen in
LC/MS/MS of EP, receptor supernatant treated with PGE; and PGE; (Figure 27A).

PUTATIVE EXTRA PEAKS FOR PGE, TREATED SAMPLE

MOLECULAR WEIGHTS

lysine; L-lysine; lysine acid

MW

: 146.187560 g/mol

L-Glutaminyl-peptide

MW

: 203.195820 g/mol

T Cell modulatory peptide

MW

: 233.264860 g/mol

Lysyl-serine; T Cell modulatory peptide

MW:

233.264860 g/mol

Gly-gly-his; Diglycyl-histidine

MW

:269.257200 g/mol

Phosphinic Peptide Inhibitor

MW:

271.249381 g/mol

PEPTIDE ANALOG; Pro-Glin-lle-Thr-Leu-Trp

MW:

275.410720 g/mol

Gamma-glutamylcysteine; gamma-glutamyl cysteine peptide;

MW:

289.328080 g/mol

Cyclic peptide of azaserine

MW:

312.238880 g/mol

Peptide T analog; Thr-Thr-Thr

MW:

321.326920 g/mol

Tyrosyltyrosine; Tyr-tyr

MW:

344.361800 g/mol

Rgd peptide; RGD tripeptide; Arg-gly-asp

MW:

346.339680 g/mol

Arg-gly-asp; Rgd peptide

MW:

346.339680 g/mol

Rgd peptide; Bitiscetin; Bitistatin

MW:

346.339680 g/mol

Ibat cotransporter; ILBP; Sodium-bile acid cotransporter ...

MW:

376.877560 g/mol

Alpha-Bcp(1-7); Bag cell peptide (aplysia)

MW:

385.819340 g/mol

Bicyclic Smac peptide mimetic, 5

MW

: 386.487900 g/mol

APGPR; Ala-pro-gly-pro-arg

MW:

496.560540 g/mol

Leukotriene D4; Leukotriene D; Leukotriene D

MW:

496.659900 g/mol

Epp peptide; Epidermal pentapeptide; Pglu-glu-asp-ser-glyoh ...

MW:

517.443980 g/mol

PKR Inhibitor; RNA-Dependent Protein Kinase Inhibitor

MW

: 268.293820 g/mol

Acetylcarnitine; Acetyl carnitine MW: 203.235580 g/mol
Complement 3a-hexapeptide; MW: 414.453320 g/mol
Ubiquinone; Coenzyme Q; Ubiquinone Q2 MW: 318.407340 g/mo
Cryptochrome MW: 584.870840 g/mol
Apoptosis Activator | MW: 240.514220g/mol

Complement C3B

MW:

273.242600 g/mol

Death Activating Factor

MW:

305.324220 g/mol

leukotriene-A4; Leukotriene A4; Leukotriene A

MW

:317.442460 g/mol

Leukotriene A4; CID9818452

MW:

318.450400 g/mol

20-Hydroxyleukotriene E4; 20-OH-Leukotriene E4; 20-Hydroxy-leukotriene
E4

MW:

455.607980 g/mol

14,15-Leukotriene D4

MW:

496.659900 g/mol

Leukotriene D-4 sulfone

MW:

528.658700 g/mol

Leukotriene F4;

MW

: 568.722560 g/mol

Leukotriene C-3;

MW:

627.789760 g/mol

PUTATIVE EXTRA PEAKS FOR PGE; TREATED SAMPLE

20-Hydroxylipoxin B4; 20-Hydroxy-lipoxin B4; 20-OH-Lxb4 ...

MW:

368.464480 g/mol

Peptide diphthamide

MW:

325.386700 g/mol
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http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=5962&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=336415&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=11183890&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=151428&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=100097&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=14134448&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=471163&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=25245845&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=6333591&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=467523&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=70590&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=25263514&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=3328704&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=104802&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=3050412&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=159097&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=25138059&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=3082883&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=6435286&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=129388&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?sid=26759367&loc=es_rss
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=1&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=119058&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=5375760&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=21678292&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?sid=50186166&loc=es_rss
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=21158437&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=9818452&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=5280606&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=5280606&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=42607304&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=6439631&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=10099510&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=11714300&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=6443680&loc=ec_rcs
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=25245981&loc=ec_rcs
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Figure 28: Determination of the Lipoxin B4 peak in the PGE, and PGE, stimulated EP, stable cell line using
LC/MS/MS. The EP, stable cell line in a 10cm culture plate was incubated for 20 mins with 100pM PGE,
and PGE,. The serum free culture medium and the cell lysate was passed through C18 column, eluted with
acetone, dissolved in buffer A and analyzed using LC/MS/MS (A) Shows the 20 hydroxy Lipoxin B4
standard peak at 21.4 minutes. (B) Shows the absence of the peak in the PGE, treated sample.(C) Shows
the presence of the suspected Lipoxin B4 peak at 21.4 minutes in the PGE, treated EP; stable cell line.
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Figure 29: Schematic showing the comparison of calcium signal on all the four EP receptors (Left) Shows
the combined Ca2+ (Black circle as fluorescence intensity) and cAMP (White circle as pmol/ml
accumulation) signal for PGE; and PGE, (100pM and 10nM) superimposed on each other. The oval on EP1
receptor signal indicates the observed difference in calcium signal. (Right) A schematic showing that the
higher calcium signal (closed arrow) with PGE; could relate to its anti-inflammatory property through
Lipoxin B4 production. The inflammatory activity of PGE, could be attributed to the leukotriene
sysnthesis.

4.21. The concept of mimicking Inducible COX-2 coupled to inducible mPGES-1 to
overproduce PGE,

Since various states of inflammation overexpress inducible COX-2 and inducible
mPGES-1, the concept of coupling the two enzymes together should produce a state of

chronic PGE; production. The COX group of enzymes produce PGH, which is the

78



Principle for tumor production
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COX1/Inducible COX2
PGH, /cox2-1 0aa-mPGES-1
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Figure 30: Schematic showing the principle used for tumor formation. The inducible COX-2 and inducible
MPGES-1 were linked with a 10 amino acid linker to direct the substrates arachidonic acid and
prostaglandin H2 towards excessive production of PGE, which induces tumor formation.

substrate for all three PGES enzymes namely, cPGES, mPGES-1 and mPGES-2. Of these
three enzymes mPGES-1 is the one which is induced in inflammation. Also, when
coupled with inducible COX-2 and overexpressed in cells, has been shown to over

produce PGE, (figure 30).

79



4.22. Establishing a HEK293 cell line stably expressing COX-2-10aa-mPGES-1 and co-
expressing COX-2 and mPGES-1 individually

A stable cell line expressing the hybrid enzyme and co-expressing COX-2 and mPGES-1
was generated by selecting with G418 antibiotic. The stable cell line was harvested for
westernblot analysis and subcultured on glass slides for immunostaining. The western
blot analysis showed a distinct band of hybrid enzyme COX-2-10aa-mPGES-1 expression
at 91 kDa. The COX-2 band was seen at 72 kDa and mPGES-1 band was seen at 17 kDa.
The stable cell line co-expressing COX-2 and mPGES-1 also showed bands at 72 kDa and
17 kDa respectively. The stable cell lines generated from primary culture of the tumor
also showed a stable hybrid enzyme expression and co-expression of COX-2 and mPGES-
1 (Figure 31). Immunostaining also confirmed the stable expression of both hybrid
enzymes and co-expression of COX-2 and mPGES-1 on both the stable cell line and the

primary culture (Figure 32).

4.23. Establishing the COX-2-10aa-mPGES-1 hybrid enzyme activity using HPLC method

Different concentrations of [**C]AA were added to the stable cell line in a total
reaction volume of 0.225 mL. After an incubation for 0.5 — 5 minutes the reaction was
stopped by adding 0.2mL 0.1% TFA and 0.2 mL 2mM SnCl,. The [**CJAA was

metabolized by the hybrid enzyme into [**C]PGE, as the product.
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Figure 31: Western blot of COX-2-10aa-mPGES-1 stable cell line, co-transfection stable cell line and their
primary culture along with HEK293 controls. 15ug of the whole cell protein was loaded in each well of the
SDS page (8-16%) gel. (A) The COX-2-10aa-mPGES-1 hybrid enzyme band was detected at 91kDa for the
stable cell line and the primary culture. The appropriate GAPDH loading control bands were detected at
38kDa. (B) The COX-2 and mPGES-1 enzyme band were detected at 72kDa and 17kDa respectively for the
stable cell line and the primary culture. The appropriate GAPDH loading control bands were detected at

38kDa.
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Figure 32: Immunostaining for COX-2 and mPGES-1 enzymes in the (I) (A) COX-2-10aa-mPGES-1 and (B) co
transfection stable cell lines with their respective controls. (Il) Immunostaining of the primary culture
from the tumors, for COX-2 and mPGES-1 enzymes in the (A) COX-2-10aa-mPGES-1 and (B) co transfection
stable cell lines with their respective controls. The stable cell line and primary culture were grown on
cover slips, fixed with formalin, treated with 1% saponin as the cell permeant and analysed with
appropriate primary and secondary antibody.

This [**C]PGE, peak was detected at 14 minutes directly by a flow scintillation analyzer.
The substrate [**C]AA peak was detected at 35 minutes. The [**C]PGE, peak was higher

for the stable cell line expressing the hybrid enzyme when compared to the COX-2 and
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mPGES-1 co-expression. HEK293 cell controls did not show any [**C]PGE, peak (Ruan et

al., 2009) (Figure 33).

4.24. The occurrence rate of the HEK293 cell cancer mass expressing the enzymes in
the BALB/c nu/nu mice

The HEK293 cells expressing the hybrid enzyme COX-2-10aa-mPGES-1 was
injected into the flank of 10 BALB/c nu/nu mice. The tumor occurrence rate was 100%
whereas the occurence rate of tumors with the stable cell line co-expressing COX-2 and
mMPGES-1 was less than 50%. The Fisher’s exact test analysis (Fisher, 1922) revealed that
the tumor occurrence with the hybrid enzyme was statistically significant with p<.05.
The tumor growth was faster with the HEK293 cells expressing the hybrid enzyme; it
reached the maximum permissible limit (1.5 cm) according to the protocol in 20 days
whereas it took 30 days for the co-expression stable cell line to reach the same limit

(Figure 34).

83



300 - [“CIPGE,

['*C]AA

CPM
B

0 10 20 30 40
B Time (minutes)

250 - [“CclAA

[''C]PGE,

CPM
@
o

C Time (minutes)
600 [“C]AA
500 4
400

§ 3004
2004
100

0
0 10 20 30 40

Time (minutes)

Figure 33: COX-2 and mPGES-1 enzyme activity assay using ["*C]JAA and HPLC in (A) COX-2-10aa-mPGES-1
stable cell line (B) co transfection stable cell line and (C) HEK293 cells only. Approximately 150,000 cells of
the stable cell lines were washed and used for each experiment. Different concentrations of [14C]AA were
added to the stable cell line in a total reaction volume of 0.225 mL. The [14C]AA was metabolized by the
hybrid enzyme into [**C]PGE, as the end-product. This [*CIPGE, peak was detected at 14 minutes directly
by a flow scintillation analyzer. The substrate [*claA peak was detected at 35 minutes. The hybrid
enzyme with the linker was able to produce higher levels of PGE, in comparasion to co-transfection. This
suggested that by linking the two enzymes it is possible to direct the PGH, produced from AA towards
MPGES-1 to produce higher amounts of PGE,.
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COX-2-10aa-mPGES-1
tumors

COX-2 and mPGES-1
Co transfection tumors

Figure 34: Subcutaneous tumors after 15 days on BALBc/nu/nu mice produced by injecting (A) COX-2-
10aa-mPGES-1 stable cell line (B) co-transfection stable cell line. The stable cell lines were grown in 10cm
plates. Approximately 50,000 cells were counted microscopically and injected subcutaneously on the right
flank of 8 mice each. The hybrid enzyme producing higher amounts of PGE, was able to stimulate tumor
growth at a faster rate with 100% occurance. The mice injected with the co-transfection stable cell line
showed a less than 50% occurance of tumors with slower growth rate. The tumor was allowed to grow
upto a maximally permissible limit of 1.5cm before the mice were sacrificed.
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4.25. Evaluating the PGE, blood levels in BALB/c nu/nu mice using enzyme
immunoassay (EIA kit)

The BALB/c nu/nu mice with tumors growing on their flanks were sacrificed by
cervical dislocation and the blood collected from the heart. The serum was separated
and collected for evaluation of PGE; levels using an EIA kit following the manufacturer’s
instructions. The results showed a significantly higher amount of PGE, levels in the
mouse with tumors produced by the hybrid enzyme (COX-2-10aa-mPGES-1) when

compared with the co-expressed enzymes and the HEK293 controls (Figure 35B).

4.26. Evaluating the PGE; blood levels in BALB/c nu/nu mice using LC/MS/MS

The blood from BALB/c nu/nu mice with tumors was collected by the tail cut
method. The whole blood sample was prepared for the mass spectrometry analysis by
passing it through the C18 sephadex column and eluting it with acetone as mentioned
above. The mice with tumors showed a higher level of PGE, in the blood as compared to

control mice (Figure 35A).

4.27. Evaluating the EP receptor peripheral tumor occurence around the central PGE,-

producing hybrid enzyme tumor
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The four EP receptor peripheral tumors were counted for tumor occurrence.

Eighteen EP; peripheral tumors out of 20 were detected in the EP; group whereas only

control Co-transfection COX-2-10aa-mPGES-1

control Co-transfection COX-2-10aa-mPGES-1

Figure 35: Serum PGE, levels in BALBc/nu/nu mice blood with tumors using (A) LC/MS/MS and (B) ELISA.
The serum from the BALBc/nu/nu mice with tumors (COX-2-10aa-mPGES-1 tumor, co-transfection tumor
and non tumor mice) was processed and analyzed for quantification by mass spectroscopy and ELISA
(using anti PGE, antibody). The serum was passed through C18 column, eluted with acetone; dried and
dissolved in 100ul buffer A for LC/MS/MS analysis. The blood PGE, level from mice with the hybrid
enzyme tumors was significantly higher as compared to the co-transfection tumor mice. LC/MS/MS is not
an ideal instrument for quantification therefore the PGE; levels detected were lower than those observed
with ELISA.
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Figure 36; Novel tumor model producing excessive PGE, (A) The BALBc/nu/nu mice with the central COX-
2-10aa-mPGES-1 tumor producing high levels of PGE,. This PGE, is expected to diffuse in the surrounding
and activate the peripherally injected EP receptors. (a) EP, receptors, (b) EP, receptors, (c) EP; receptors,
(d) EP,4 receptors. (B) Subcutaneous peripheral EP; satellite tumors produced around the central COX-2-
10aa-mPGES-1 tumor. The periphery of the day 15 central COX-2-10aa-mPGES-1 tumors was injected with
approximately 50,000 cells of the EP stable cell lines as shown in (A). We suggest that the COX-2-10aa-
mPGES-1 tumor was able to produce high amounts of PGE, which diffused into the surrounding to
stimulate the EP, receptors and trigger tumor formation. The numbers indicate the tumors produced by
EP, receptors in HEK293 cells. 18 out of the 20 injections in the periphery of the EP, stable cell line
produced tumors. The occurance rate was evaluated using Fishers exact test with p<.05.
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Figure 37:(A) Subcutaneous peripheral EP, satellite tumors produced around the central COX-2-10aa-
MPGES-1 tumor. The periphery of the day 15 central COX-2-10aa-mPGES-1 tumors was injected with
approximately 50,000 cells of the EP stable cell lines as shown in Figure 36A(b). We suggest that the COX-
2-10aa-mPGES-1 tumor was able to produce high amounts of PGE, which diffused into the surrounding to
stimulate the EP, receptors and trigger tumor formation. The numbers indicate the tumors produced by
EP, receptors in HEK293 cells. (B) Similarly HEK293 alone peripheral tumors were injected as controls. We
observed only two small nodules with the HEK293 cell alone. The satellite tumors are indicated by
numbers. There were no noticeable satellite tumors for EP; and EP, stable cell lines.
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three tumor occurrences were detected for EP, receptors. There was no tumor growth
for the EP3 and EP,4 receptor stable cell lines. The occurrence rate (18 tumors) was
statistically significant for the EP; receptor using the fisher exact test with P<0.05 when
compared to HEK293 and other receptors. Thus EP; and EP, receptors could be involved
in cancer proliferation and could also prove to be potential drug targets for therapeutics

(Figure 36&37).

4.28. Evaluating the primary cultures of tumor for enzyme and EP; receptor expression
using western blot and immunostaining

The primary culture of the tumors (COX-2-10aa-mPGES-1, COX2 and mPGES-1
co-expression and EP; tumor) was established and the cells were selected again using
G418. The stable cell lines thus generated were evaluated by western blot and
immunostaining. The COX-2-10aa-mPGES-1 band was detected at 91 kDa for the tumor
generated by the hybrid enzyme. The COX-2 band was detected at 72 kDa and the
MPGES-1 band at 17kDa for the tumors produced by co-transfection. The EP; receptor
protein band was detected at 42 kDa. All the primary cultures showed a good ammount

of protein expression (Figure 38).
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Figure 38: Western blot and immunostaining of EP, receptor stable cell line and its primary culture from
tumor. (A) EP, receptor bands detected at 42kDa for stable cell line and primary culture with the HEK293
controls. (B) Immunostaining for EP; receptor stable cell line and primary culture with their appropriate
controls. The western blot of the stable cell line and the primary culture stable cell line was performed
using 15ug of whole cell protein.

EP1 in primary
culture
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5. DISCUSSION
5.1. NMR experiments with EP; eLP,

Based on our molecular modeling studies, the TP receptor ligand, SQ29,548,
must contact the extracellular domains of the receptor before binding to the residues
on the third and seventh transmembrane domains. This means that the initial contact
residues on the molecular surface are also specific. Also, the constrained eLP, peptide of
the TP receptor changes its conformation upon the addition of the receptor antagonist
(5Q29,548) (So et al.,, 2003, Moore et al., 1991). Studies have provided evidence to
support the hypothesis of the second extracellular loop’s involvement in ligand
recognition (Funk et al., 1993, Chiang et al., 1996) and that point mutations of several
cysteine residues at these loops reduce binding activity. Site-directed mutagenesis of
seven conserved residues (198-205) clustered in the amino portion of the rabbit EP;3
elLP, has been performed and their ligand binding profiles assessed, in transfected
HEK293 cells (Audoly and Breyer, 1997; D’Angelo et al., 1996; So et al., 2003). We chose
the EP3 receptor for its unique ability to couple to multiple G proteins such as the Gi
subunits (adenylyl cyclase inhibition) and Gs subunit (cAMP stimulation) (Katoh et al.,
1998; Tamma et al., 2003). We hypothesize that this selection of G proteins is likely to

be ligand-dependent.
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The residues identified by us for ligand recognition (5211 & R214) are chiefly
located in the non-conserved region of the elP, (Figure 9). This means that the
conserved regions, though important for ligand recognition, may not be as important as
the non-conserved region in defining the receptor’s choice of signal transduction. The
differences observed in the function of the receptors sharing a common ligand could in
fact be due to the conformational changes brought about by these non-conserved
residues which lead to the diversification of the signal transduction. The X-ray crystal
structure for a majority of mammalian GPCRs is not yet available therefore the first step
to identify the structural basis of the ligand-specific recognition of the extracellular parts
is the understanding of the residues involved. We localized the residues within the elLP,
region responsible for the ligand recognition, using two-dimensional NMR spectroscopy
(Figure 12,13&14). The residues identified (5211 & R214) were further confirmed by the
site-directed mutagenesis approach for the native EP; receptor. The radioligand
(H]PGE,) binding further supports our hypothesis that the point mutation in the
second extracellular loop of the receptors greatly decreases the binding (Figure 15). Our
next step will be to use this data from the combination of the NMR experiments and
mutagenesis to give detailed structural information about the interaction of the
receptor and ligand, which cannot be achieved by other approaches such as general

mutation approach, photoaffinity labeling, and site-specific antibody screening. This
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approach can be used to characterize the ligand binding to other domains of the
receptor as well.

The key factor in this study was to design a synthetic peptide with biological
function. By using a constrained peptide, we successfully identified the ligand
recognition site for the receptor (Figure 8). The identification of the residues in the EP3
elLP, is the first step in solving the ligand-recognition pocket. We suspect that the ligand-
recognition site might differ from the final ligand-binding site, as we have shown with
the TP receptor. Though the ligand binding site located within the transmembrane
domain is conserved, the initial docking residues of the prostanoid receptors are ligand
specific (So et al., 2003). In conclusion, our proton-level information for identification of
the EP5; receptor ligand-recognition site on the extracellular domain will serve as a
valuable tool to characterize the structure of the ligand-docking site and understand the
variations in signaling outcomes. In addition, it will also provide reference information
on specific recognition differences and predictions of ligand-docking sites for other

prostanoid receptors.

5.2. High throughput mutagenesis
Our high throughput mutagenesis experiment showed that there is a potential
for direct transfection of mutated PCR products of receptors to be incorporated into

high throughput screening machines. We were able to generate 24 mutant EP;
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receptors in one experiment as stable cell lines. Conventionally each point mutation is
studied separately but by our process the residues of an entire receptor or enzyme can
be mutated in one experiment. This will reduce the cost of generating individual point
mutations using transformation in E.Coli. Though further modifications will be required
for it to be incorporated into high throughput screening, it still proves to be a promising
strategy (Figure 17). We were able to identify three mutants in the EP; extracellular loop
which showed reduced binding to PGE, and reduced signaling to both PGE; and PGE,

(Figure 19&20).

5.3. EP receptors binding and signaling studies

The EP receptors are co-expressed in various organ systems (Artur et al., 1996;
Sugimoto et al., 1992; Honda et al., 1993; Watabe et al., 1993; Katsuyama et al., 1995)
and cancer cell lines (Figure 21 A,B&C); therefore we generated a stable cell line for
each EP receptor to study them individually. We chose the two ligands PGE; and PGE,
which act on all the four EP receptors but have been shown to have opposite action
(Murota et al., 2008,; Sobota et al., 2008; Kawamura et al., 1997).

Our results show that PGE; and PGE; have different binding affinities for the EP
receptors (Figure 22). However, the binding affinitiy does not have a direct positive
correlation with the signaling intensity. The major difference between the two ligands

was observed in the EP; receptor where despite the relatively weak affinity (*H]PGE;, Kd
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0.21 nM, IC50 PGE; 3uM, PGE, 8uM) there was a high Ca** and cAMP signal (Figure
23&26). However, here PGE; (100 pM) produced a significantly higher Ca®* signal as
compared to PGE, (Figure 23), which was also confirmed by fluorescence microscopy
(Figure 24&29). This fact led us to postulate that the difference in the action between
PGE; (anti-inflammatory) and PGE, (inflammatory) could be due to the difference in the
ca® signal intensity and that it is mediated through the EP; receptor. It will be
interesting in the future to stimulate the EP; receptor stable cell line with PGE; and PGE,
and perform the microarray analysis to see the difference in upregulation or down
regulation of genes involved in inflammation. The EP; receptor also appears to be the
dominant EP receptor on comparing both the Ca®* and cAMP signal for the two ligands
(Figure 23&26). The importance of this lies in the fact that this EP; receptor could be
used as a potential target for cancer where the EP receptors are co-expressed (Artur et
al., 1996; Thorat et al., 2007; Gustafsson et al., 2007; Chang et al., 2005; Shoji et al.,
2004; Chell et al., 2006). Various studies have shown the importance of EP receptors
individually in cancer cell proliferation or inhibition but none have compared the four EP
receptors in terms of the dominant receptor. We have shown that some cancer cells
(breast and colon) coexpress all the EP receptors (Figure 21) and that finding antagonists
to the EP; receptor could be most effective in inhibition of cancer cell signaling.

Calcium has been known to stimulate a variety of cellular functions depending

on how it is regulated spatially and temporally (Berridge et al., 2000). In other words the
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spatiotemporal shape of the Ca®* signal determines the variety of cellular processes it is
a part of. For example, the frequency of Ca** oscillation determines the gene
transcription in T cells (Li et al., 1998; Dolmetsch et al., 1998) and apically-confined ca®
signals activate exocytosis in pancreatic acinar cells (Maruyama et al., 1993).

Recent data suggests that cAMP also oscillates in a manner similar to Ca* (Rich
and Karpen, 2002) and can be confined to spatially restricted regions of a cell
(Gorbunova and Spitzer, 2002). Though the cAMP and Ca®* signaling pathways interact
at multiple levels, studies have defined that the molecular location where the two
pathways meet is at the level of inositol 1,4,5-trisphosphate (InsP3) generation. Also,
data suggests that Ca** clearance, by the plasma membrane Ca’*-ATPase (PMCA) is also
directly modulated by cAMP elevation. Other indirect effects of cAMP on Ca** signaling
are through gap junctions, mitochondrial function, Ca*" influx, and gene expression
(Gorbunova and Spitzer, 2002; Rich et al., 2001). However, in an artificially expressed
cell system (like a stable cell line) the determination of spatiotemporal association of
Ca®* and cAMP is a limitation and has no significance. We also measured the 10 minute
cAMP accumulation with PGE; and PGE, because the shaping of Ca®' signals is achieved
by the concomitant activation of additional signal transduction pathways which regulate
cAMP concentrations. Usually this is achieved by activating G-protein-coupled receptors
(GPCRs) that couple to Gas (to activate adenylyl cyclase) in addition to those that couple

to Gag, which activates phospholipase C (PLC) and increases InsP3 production. The
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cAMP signal was inconclusive in differentiating between the ligands (Figure 26).
Similarly, Ca** can also modulate components of the cAMP signaling machinery by either
activating or inhibiting different subtypes of adenylyl cyclase (Giovannucci et al., 2002;
Cooper et al., 1995; Mons et al., 1998) and phosphodiesterase (Kakkar et al., 1999).
Thus in accordance with the concept that cAMP is regulated in a similar way to Ca®* we
postulate that any significant difference in the ratio of Ca?* and cAMP observed could
indicate the difference in signaling response or outcome. Therefore we measured the
ratio of total Ca** and cAMP signal generated. This helped us understand that the
difference in action of ligands (PGE; and PGE,) can be evaluated by calculating the
difference in signal ratio. Here we found that the EP; receptor could differentiate
between the two ligands at a 100 pM concentration (Figure 23&29).

Similarly, on comparing the binding and signaling of the other EP receptors, we
concluded that [3H]PGE2 has a higher affinity for the EP; EP, and EP, receptors with the
highest Ca®** and cAMP signal for EP; and EP, (with PGE; and PGE,). Here, however,
there was a two-log concentration difference between PGE; and PGE, for the generation
of Ca®" signal for the EP, receptor (Figure 23). This two-log difference in generation of
ca® signal could also be contributory to the difference in action between the two
ligands but the signal generated is too low as compared to the EP; receptor. Both PGE;
and PGE, (bound to the EP, receptor) mainly signaled through cAMP and not Ca*.

However, the two ligands did not show any significant difference in binding and
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signaling intensity for the EP, receptor and thus could not help differentiate their action.
PGE,, being the inflammatory molecule was able to significantly increase the leukotriene
C4/D4/EA4 levels in the EP; stable cell line as compared to PGE; (Figure 27B). We suggest
that these leukotrienes are likely responsible for differentiating between the actions of
PGE; and PGE,. Lipoxins are a group of biologically active eicosanoids detected in a
variety of inflammatory conditions. They are typically formed by transcellular
lipoxygenase activity. The native lipoxins LXA4 and LXB4 have been shown to
demonstrate potent anti-inflammatory and pro-resolution bioactivity such as phagocytic
clearance of apoptotic leukocytes. We detected the 20-hydroxy lipoxin B4 peak at
21.441 minutes. We suggest that the anti-inflammatory activity of PGE; could be due to
the production of Lipoxin B4 (O'Sullivan, 2007; Parkinson, 2006)(Figure 28).

In conclusion, we have tried to identify the changes in Ca** and cAMP in the EP
receptors with common ligands (like PGE; and PGE,) which in turn have opposite
actions. Though Ca®*" and cAMP interact at multiple levels to effectively form a signaling
network we found that it is the EP; receptor which could be the dominant receptor
among the EP receptors in terms of signaling intensity and that it is also able to

differentiate between the two ligands PGE; and PGE, (Figure 29).
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5.4. Establishing a tumor model

The prostanoids metabolized from AA through the COX-pathway, play important
roles in balancing hemostasis, vascular functions, inflammation and cancer
development. The alteration in the balance of the biosynthesis of different prostanoids
is involved in many critical diseases, such as stroke, myocardial infarction, inflammation
and cancers (Sheng et al., 2001, Levy, 1997, Reinhart et al., 1983). We have shown in our
previous publications using the hybrid enzyme, COX-2-10aa-mPGES-1, that the
controlling and re-directing of the prostanoids’ biosyntheses in cells through the COX-
pathway is a potential approach in redirecting the balance or imbalance towards a
particular prostanoid of choice (Ruan et al., 2009). We have established a hybrid
enzyme, COX-2-10aa-mPGES-1, in HEK293 cells that produces tumors by redirecting the
AA to produce excess PGE, (Figure 30). Similarly our especially engineered hybrid
enzyme that links COX to PGIS could effectively control and re-direct the AA to be
metabolized into PGI, for vascular protection (Ruan et al., 2006, 2008a, 2008b). These
finding suggest that the COX-pathway in cells could be re-directed and controlled by
overexpressing designed hybrid enzymes linking COX to different downstream
synthases. The inducible COX-2, when linked to other downstream synthases, such as
mMPGES-1, mPGES-2 or cytosolic PGES (cPGES), could direct the PGE, sysnthesis by the
enzyme of our choice. This is important because we chose to link the indicible COX-2 to

the inducible mPGES-1, both of which are expressed in response to the critical
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physiological processes, including cell proliferation and differentiation, and tissue
regeneration and repair (Marnett, 1992; Rao, 1995; Sheng, et al., 1997; Subbaramaiah
et al., 1996; Kargman et al., 1995). Since both enzymes are inducible in inflammation
and are able to produce tumors, they make an important target-specific tumor model.
In our previous publications we have described the engineering of COX-2-10aa-mPGES-1
which has provided evidence to support that COX is an enzyme which can be linked to
its downstream substrates and studies have shown that the C-terminus of COX-2 and
the N-terminus of mPGES-1 are flexible and could be modified without changing the
enzymes’ catalytic functions.

Previous studies have described that COX-2 couples to mPGES-1 but not cPGES
through the co-expression of the recombinant COX-2 and mPGES-1 in HEK293 cells
(Murakami et al., 2002). However, we were able to further demonstrate this favored
coupling for tumor production. Here, the evidence of a faster production of tumor
suggests that the movement of PGH, from COX-2 to mPGES-1, with the help of a linker
produces more PGE, (Figure 34).

COX-2 and mPGES-1 are important targets for developing anti-inflammatory
drugs. The cells expressing the engineered COX-2-10aa-mPGES-1, which specifically
convert AA into PGE,, can be used as an effective model for initial drug screening in
search of the effects of the chemical compounds, genetic molecules, and regulators on

PGE, production.
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To date, there have been no tumor animal models designed for testing the anti-
cancer activity of COX-2 and mPGES-1. The direct shifting of the results from the lab and
non-specific animal studies to human clinical trials has created many risks with damages
to the patients during the human use of NSAIDs in the past. In addition, the limited
number of participants in the human clinical trials could not precisely evaluate the
cardio-toxicity and efficacies involved, which led to unreliable data for mislead FDA
approval and later the withdrawal of the drugs, causing a wide range of damages to the
public and economy. Vioxx is a typical case of that described above (Konstam et al.,
2001). Our proposed BALB/c nu/nu mice that have tumors produced by the hybrid
enzyme, COX-2-10aa-mPGES-1, and produce excess PGE; (for anti-inflammation efficacy
or tumor suppression tests) could be sufficiently sensitive animal models which may be
used for establishing a preclinical trial that could greatly reduce the ethical and
economic risk for the damages from previous human clinical trials of the selective COX-2
NSAIDs. This would not only benefit the search for a more specific COX-2 or mPGES-1
inhibition treatment of cancers, but could also advance our drugs industrially to a
leading position for developing NSAIDs that target COX-2 or mPGES-1 for tumor
suppression with target specificity.

The model could help screening for the COX-2 and mPGES-1 inhibitors with
different selectivities for their ability to reduce the COX-2-10aa-mPGES-1 -mediated

PGE, production using the tumors generated on BALB/c nu/nu mice. We believe that the
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tumor suppression can be monitored directly by size and by evaluating the kinetic
changes in the blood by evaluating the PGE, levels (Figure 35). We have shown that
there is 100% production of tumors with our hybrid enzyme as compared to the co-
transfection group (Figure 34A). We have also shown that the enzyme activity for PGE,
production is better for the hybrid enzyme than for the co-transfection (Figure 34B). The
production of tumors also becomes a very reliable target-specific site which can be
monitored for drug discovery. The mouse model is also very convenient, as COX-2
inhibitors and mPGES-1 inhibitors can be given to the mouse through various routes. We
also suggest that the high levels of PGE, produced by the tumor could also trigger other
mechanisms of tumor production in the tumor cells. This sustained high level of PGE,
acts as a continuous stimulus for tumor production. PGE, regulates colon cancer
migration via myeloma overexpressed gene (Lawlor et al., 2010) and lung cancer cell
migration EP4, betaArrestinl, and c-Src signalsome (Kim et al., 2010). Prostaglandin E,
induces CYP1B1 expression via ligand-independent activation of the ERalpha pathway in
human breast cancer cells (Han et al., 2010). There is also a suggested association
between adenoma risk and genetic variability related to PGE,, with regard to gene-
environment interactions with anti-inflammatory exposures (Poole et al., 2010). This
suggests that PGE, can enhance tumor growth by interacting with various enzymes,
altering gene expression and activating ligand independent pathways. The presence of

peripheral tumors with EP; and EP, stable cell lines suggests that both these receptors
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are likely to be involved in cancer growth (Figure 36). Also the hybrid enzyme tumor was
able to produce PGE, which diffused into the surrounding tissue to activate the EP; and
EP, receptors and produce tumors making it a potentially novel tumor model method
(Figure 36 A&B).

This fact suggests that anti-cancer drugs can also be tested on this tumor model

for their ability to inhibit the tumors produced by over production of PGE,.
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6. SUMMARY AND CONCLUSIONS

1)

2)

3)

4)

Our NMR experiments performed to study the interaction between PGE, and the
synthetic EP3 eLP, revealed that the residue Serine 211 in an important PGE,
recognition residue. Site directed mutagenesis of the EP3 receptor mutant S211L

showed a significantly reduced [*H]PGE, binding.

The mutant S211L was able to elicit a calcium signal with PGE; but not with PGE,.
This suggested that a single point mutation was able to differentiate between

the common ligands PGE; and PGE,.

We identified two residues using NMR in the EP3; elLP, with showed interaction
with PGE, On comparison of the residues in the sequence alignment of all the
eight prostanoid receptors we found that both the residues were in the non
conserved region of the eLP,, We thus concluded that the differences in ligand
recognition could lie in the non-conserved residues as S211L and R214L are non-

conserved.

The calcium signal experiments on the EP receptor revealed that it was the EP;

receptor that showed a higher calcium signal with PGE1 than PGE at 100mM

concentration. We thus suggest that the anti-inflammatory activity of PGE1 at
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5)

6)

7)

Our LC/MS/MS experiments showed an extra peak at 21.4 mins in the
supernatant of the EP; stable cell line treated with 100pm PGE;. The molecular
weight of the peak matched with the molecular weight of lipoxin B4. The anti

inflammatory activity of PGE; could be due to the production of lipoxin B4.

Our LC/MS/MS experiments showed multiple peaks with molecular weights
similar to leukotrienes, in the supernatant of the EP; stable cell line treated with
100pm PGE,. Thus using the ELISA kit for detection of leukotriene C4/D4/E4 we
found a significantly higher leukotriene production in the PGE, treated sample
than the PGE; treated sample. We thus suggest that the inflammatory activity of

PGE, could be due to production of leukotrienes.

Our High throughput mutagenesis experiments using direct PCR product

transfection suggest that it is a promising possibility for the future for generation

of quick, easy and multiple point mutation assays.
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8) We generated 24 point mutations in the EP; receptor and expressed them as
stable cell lines using direct PCR product transfection. Out of the 24 EP; mutants

three mutants A104G, P105A, P184A showed reduced binding to [3H]PGE2.

9) The three residues identified, ( A104G, P105A and P184A) could not differentiate

between PGE; and PGE; in the calcium signaling assay.

10) A tumor model was developed by linking inducible COX-2 with mPGES-1 using a
10 amino acid linker (called COX2-10aa-mPGES-1) in BALBc/nu/nu mice. There
was a significantly faster tumor growth with the hybrid enzyme using the linker
than with the co-transfection of COX2 and mPGES-1 seperately. The enzymes
were transfected in HEK293 cells as stable cell lines and injected subcutaneously
in BALBc/nu/nu mice. This suggested that the hybrid enzyme was able to
produce higher levels of PGE, than the co-transection and that this PGE, was

able to trigger cell proliferation.

11) When we injected the EP receptor stable cell lines around the central PGE,
producing hybrid enzyme tumor we found that it was the EP; and EP; stable cell
lines that formed peripheral satellite tumors. Thus we concluded that EP; and

EP, receptors are involved in cancer growth using our tumor model.
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	Establishing a tumor model
	The pcDNA 3.1 vector containing a cytomegalovirus early promoter was cloned with cDNAs of the COX-2 and mPGES-1 using a PCR (polymerase chain reaction) cloning approach. The sequences were confirmed by DNA sequencing and endonuclease digestion analyses. The COX-2 and the mPGES-1 were linked through the 10 amino acid (aa) sequence on the pcDNA 3.1(+) vector (Ruan et al., 2009). 
	3.24. Determination of Enzyme activity for COX-2-10aa-mPGES-1 using the High Performance Liquid Chromatography (HPLC) method 
	To determine the activities of the synthases that converted AA into PGE2 through the tri-catalytic functions, different concentrations of [14C]AA were added to the stable cell lines in a total reaction volume of 0.225 mL (25μL cells + 200μL 2.5mM glutathione in PBS). After an incubation for 0.5 – 5 minutes the reaction was stopped by adding 0.2 mL 0.1% TFA (trifluoroacetic acid) and 0.2 mL 2mM SnCl2 (Ruan et al., 2009). The mixture was briefly vortexed for 1 min to ensure termination of the reaction. After centrifugation (6,000 rpm, 5 minutes), the supernatant was passed through a C18 octadecyl column (Honeywell Burdick & Jackson) and eluted with 0.5 mL acetone, which was then evaporated under a gentle stream of air.  Buffer A was used to re-dissolve the protein and load the sample onto an HPLC C18 column (Varian Microsorb-MV 100-5, 4.6 × 250 mm) using the solvent A with a gradient from 35 to 100% acetonitrile for 45 min at a flow-rate of 1.0 mL/min. The metabolized [14C]AA into [14C]PGE2 as the end-product profile was monitored directly by a flow scintillation analyzer (Packard 150TR) (Figure  33).
	3.25. PGE2 level determination in tumor containing nu/nu mice serum using enzyme immunoassay (EIA)
	The BALB/c nu/nu mice with 1 month old tumors growing on their flanks were sacrificed by cervical dislocation and the blood collected from the heart. The blood was centrifuged and the serum collected for evaluation of PGE2 levels. Supernatant of the blood (serum) was diluted 100 times using PBS containing 0.1% bovine serum albumin and then used for determination of the end-product, PGE2, using an EIA kit following the manufacturer’s instructions (Cayman Chemical Co) (Figure 35B).
	3.27. Immunofluorescence staining of stable cell lines
	 The stable cell line and the non-transfected cell controls were grown on a cover glass and washed with PBS and then incubated with 3.7% formaldehyde for 10 minutes. They were then blocked for 20 minutes before being incubated with 1% saponin for 20 minutes. Then the primary antibody was added (10 μg/mL of affinity-purified anti- human COX-2 or mPGES-1 antibody) in the presence of 0.25% saponin and 10% goat serum for one hour. The cells were incubated for another hour with the secondary antibodies after washing with PBS (Deng et al., 2002; Lin et al., 2000). Cells stained with the FITC- or Rhodamine-labeled antibody were viewed under the Zeiss Axioplan 2 epifluorescence microscope (Figure 32). 
	This [14C]PGE2 peak  was detected at 14 minutes directly by a flow scintillation analyzer. The substrate [14C]AA peak was detected at 35 minutes. The [14C]PGE2 peak was higher for the stable cell line expressing  the hybrid enzyme when compared to the COX-2 and mPGES-1 co-expression. HEK293 cell controls did not show any [14C]PGE2 peak (Ruan et al., 2009) (Figure 33).
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