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Abstract

Microsomal prostaglandin E synthase-1 (MPGES-1) is the terminal synthase responsible for the
synthesis of the pro-tumorigenic prostaglandin E; (PGE,). mPGES-1 is overexpressed in a wide
variety of cancers. Since its discovery in 1997 by Bengt Samuelsson and collaborators, the
enzyme has been the object of over 200 peer-reviewed articles. Although today mPGES-1 is
considered a validated and promising therapeutic target for anticancer drug discovery, challenges
in inhibitor design and selectivity are such that up to this date there are only a few published
records of small-molecule inhibitors targeting the enzyme and exhibiting some in vivo anticancer
activity. This review summarizes the structures, and the in vitro and in vivo activities of these
novel mPGES-1 inhibitors. Challenges that have been encountered are also discussed.

Prostaglandin E, (PGE»), the pivotal prosta-glandin (PG) produced by most mammalian
tissues, regulates multiple biological processes under both normal and pathological
conditions. PGE; is the chief mediator of inflammation and represents one of the most
abundant prostanoid. The final step in the biosynthesis of PGE; is catalyzed by
prostaglandin E synthases (PGESSs), a family of oxido-reductases, which has generated
increasing interest as a therapeutic target in the treatment of inflammatory-related diseases.
Although this family of enzymes plays an important role in inflammatory-related diseases,
this review focuses on microsomal PGE synthase-1 (mMPGES-1), the inducible PGES and its
role in cancer specifically. Structural and biological properties of the enzyme are briefly
summarized in the first part of this review since this protein has been the object of many
detailed reviews [1-4]. In the second part of this review, compounds that have been
described in the literature to inhibit mMPGES-1 activity are presented and challenges
regarding their selectivity and in vivo activity are also discussed.

Structure, function & regulation of mMPGES-1

Structure of mPGES-1

Microsomal prostaglandin E synthase-1 is a member of the membrane-associated proteins
involved in eicosanoid and glutathione metabolism (MAPEG) superfamily [5] and exhibits a
significant sequence homology with micro-somal glutathione-S-transferase (GST)-1-like 1
(MGST-1), 5-lipoxygenase (LOX)-activating protein (FLAP) and leukotriene C4 synthase
(LTC4S). All MAPEG proteins are small proteins of 14-18 kDa and have a similar 3D
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structure [6]. An electron crystallographic structure (3.5 A) of MPGES-1 was published in
2008 (PDB: 3DWW) [7] and confirmed the trimeric structure of the protein as predicted by
Xing et al._[8] and suggested by Hetu et al. [9]. Similarly to MGST-1, FLAP and LTC4S,
the protein folds into four transmembrane helices (TM1-4) (Figure 1A). As MGST-1,
mPGES-1 requires glutathione (GSH) as an essential cofactor for its activity [10].
Consequently, the protein was crystallized in the presence of GSH, which binds in the active
site of the enzyme defined mostly by TM1 and TM4 for each of the subunits. GSH interacts
in a ‘U-shape’ mainly with Arg126, Arg110 and Glu77 from TM4 and His72 from TM1 of
another subunit [7,8,11,12]. It should be stressed that the mPGES-1 structure obtained by
Jegerschdld et al. represents a closed conformation of the protein [7]. A model of the open
conformation reveals that prostaglandin endoperoxide (PGH,) could fit into the cleft defined
by TM1 and TM4, allowing the synthesis of PGE; [7]. The homology model published by
Xing et al. predicted a 3:3 binding stochiometry of mMPGES-1 and its substrate [8]. A co-
crystal of mPGES-1 with a small-molecule inhibitor would confirm these predictions and
facilitate drug design for this interesting therapeutic target (see later discussion). Of note are
also the structural similarities with other crystallized proteins (Figure 1B) such as the
Huntingtin interacting protein 12 (PDB: 1R0D), the V-type sodium ATP syn-thase subunit
K (PDB: 2BL2), or the protein tyrosine kinase 2 § (B3GM3) (Figure 1B & Table 1). Part of
these structural similarities should be taken in consideration perhaps when selective inhibitor
design is undertaken.

Other PGE, synthases

There are two other prostaglandin E, synthases that have been identified. We present a short
summary of their structure, activity and function below. Throughout the rest of the review,
we specifically focus on mPGES-1.

Microsomal PGE synthase-2

The membrane-bound mPGES-2 has a broad substrate specificity, and bears similarity to
glutaredoxin and thioredoxin [13]. mMPGES-2 is expressed constitutively in a variety of
human tissues and, unlike mPGES-1, it is not induced by pro-inflammatory signals. The
crystal structure of mMPGES-2 was also recently published as a cocrystal with indomethacin
(PDB: 1Z9H), an anti-inflammatory drug, at 2.6-A resolution [14]. mPGES-1 and mPGES-2
only share 43% of homology. GSH is not an essential cofactor for mMPGES-2 activity [15],
but mPGES-2 activity can be stimulated experimentally by various GSH-reducing agents
such as dithiothreitol. mPGES-2 is expressed in several tissues in which mPGES1
expression is relatively low [16]. The enzyme seems to have no real preference for
cyclooxygenase 1 (COX-1) or cyclooxygenase 2 (COX-2) but can serve as a terminal PGES
for both [17]. mMPGES-2 can be cleaved (N-terminal cleavage) to a soluble catalytically
competent form [17]. mPGES-2-deficient mice showed no specific phenotype and no
alteration in PGE; levels in several tissues (including liver, kidney, heart and brain) or in
lipopolysaccharide (LPS)-stimulated macrophages [18].

Cytosolic PGE synthase

Cytosolic PGES (cPGES) is thought to mediate constitutive PGE, biosynthesis as it couples
preferentially with COX-1 [15]. cPGES is also a GSH-requiring enzyme, constitutively
expressed in a variety of cells as a 23-kDa protein and is identical to p23, a heat-shock
protein 90 (Hsp90)-binding protein [15]. cPGES was crystallized at 2.49 A only after
cleaving 35 amino acids from the acidic C-terminal part of the protein (PDB: 1EJF) [19].
cPGES can be regulated by casein kinase 2 (CK-I1)-dependent phosphorylation, which
increases the cPGES activity [20]. Activation of CK-1I by upstream signals (serum
stimulation) triggers dual phos-phorylation of Ser113 and Ser118 on cPGES and promotes
the recruitment of cPGES into the Hsp90 complex, which finally leads to the full activation
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of cPGES. LPS or interleukin-1 (IL-1) can stimulate the production of PGE, via the
selective activation of COX-1 and cPGES pathway [15,21]. Knockout of cPGES in mice has
been shown to be peri-natally lethal [22].

Function of mPGES-1

Microsomal prostaglandin E synthase-1 is the terminal enzyme in the biosynthesis of PGE,
(Figure 2) . In the first step, membrane-bound and secretory phospholipase A, (PLA,)
isoforms convert phospholipids (PL) to arachidonic acid (AA). Next, the COXs convert AA
into the unstable intermediate, PGH,. Finally, terminal PGESs isomerize PGH, into PGE,.
PGHy,, is the precursor for several structurally related PGs, which are formed by the action of
specialized prostaglandin synthases [23]. The PGs synthesized by this pathway include the
afore-mentioned PGE,, as well as prostaglandin D, (PGD>), prostaglandin Fy, (PGF5,),
prosta-glandin I, (PGl,, also known as prostacyclin) and thromboxane Ay (TXA)).
Consequently, it is thought that inhibition of COX-2 activity affects the synthesis of all
prostanoids down-stream of PGHo, whereas selective targeting of mPGES-1 would only
reduce PGE; production. It should be noted that shunting towards other PG has been
observed and that dual inhibitors for the 5-LOX and mPGES-1 are considered as a novel
excellent avenue to inhibit the pathway. These inhibitors are discussed in the section later.

Regulation of MPGES-1 expression & activity

Microsomal prostaglandin E synthase-1 expression is low in most normal tissues, although
abundant and constitutive expression is detected in a limited number of organs, such as the
lung, kidney and reproductive organs. The induction of COX-2 and mPGES-1 by pro-
inflammatory factors and their cooperation in converting AA to PGE, in vitro [10] suggests
that both enzymes are important for PGE, biosynthesis and that inhibition of either is
sufficient to inhibit PGE, production [24,25]. The kinetics of induction of mPGES-1 and
COX-2 has been reported to be different [24,26,27] suggesting a differential regulation of
the enzymes. mPGES-1 expression can be specifically induced by LPS, IL-1p and TNF-a in
various cell types with or without induction of COX-2 [5,28,29]. The putative promoter of
human mPGES-1 gene is GC-rich, lacks a TATA box and contains binding sites for C/EBP
and AP-1, two tandem GC boxes, two progesterone receptor and three GRE elements [30].
Of these sites, the GC boxes are critical for the promoter activity where the transcription
factor early growth response protein 1 (Egr-1) binds to the proximal GC box and triggers
mPGES-1 transcription. Mice genetically deficient in mPGES-1 have shown that the
enzyme is a key mediator of inflammation, pain, angiogenesis, fever, bone metabolism and
tumorigenesis [25,31-33], thus making this protein an attractive target for the treatment of
osteoarthritis, rheumatoid arthritis, acute or chronic pain and cancer, which is the focus of
this review.

Role of mMPGES-1 in diseases

Role in cancer

Experimental observations developed from cell culture studies, together with the well-
recognized role of PGE; during tumor promotion, have provided the rationale for several
recent in vivo studies focused on the impact of mMPGES-1 on tumorigenesis. Table 2
summarizes the cancers in which mPGES-1 expression has been shown to be increased
compared with normal tissues. mMPGES-1 is overexpressed in gastrointestinal (GI) cancers
(including esophageal [34], gastric [35-38], colorectal [39,40], liver [41,42] and pancreatic
cancers [43]), brain cancers (gliomas and medulloblastomas [44,45]), breast cancer [46],
kidney cancer [47], thyroid cancer [48] and several cancers derived from the epithelium
(including head and neck [49,50], penis [51], lungs [52-54], larynx [55], cervix [56],
endometrium [57] and ovary [58]). In a recent review by Nakanishi et al., we summarized
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the role of MPGES-1 in colon carcinogenesis, where data appear to be somewhat
contradictory in knockout mice [59]. Another recent review by Radmark and Samuelsson
has also detailed the various results obtained in knockout models [3]. In brief, deletion of
mMPGES-1 led to the inhibition of colon tumorigenesis in APCAL4* mice [2]. A significant
reduction of the number of polyps/mouse in the colon as well as in the small intestine was
observed. It was also shown that mMPGES-1 knockout decreased adenomatous polyps in the
intestine and colon of APCAL4* mice [2]. Interestingly, there has also been another report
showing that genetic deletion of mMPGES-1 accelerates intestinal tumorigenesis in the
APCMIN* mice [60]. However, the effects were small and limited to an increase in the
number of intestinal but not colon tumors, without an increase in tumor size. Although these
differences may well have been due to the choice of animal models and their background,
the conclusions from these studies are that mPGES-1 plays a role in colorectal
carcinogenesis. Other reports have shown in vitro the importance of mPGES-1 in other
cancer types where using siRNA the authors demonstrate a reduction in colony formation,
cell migration and a slower growth of xenograft tumors in nude mice [61,62].

In 2003, the role of MPGES-1 in inflamma-tory and pain response was first studied [25].
The authors generated mPGES-1-deficient trans-genic mice and showed that reduced
expression of MPGES-1 leads to decrease in writhing, an indicator of inflammatory pain.
Other reports have further concluded that mPGES-1 is indeed involved in various types of
inflamma-tion, including pain hyperalgesia, granulation associated with angiogenesis, and
inflammatory arthritis accompanying bone destruction [33,63]. However, using the acetic
acid stretching test with or without LPS stimulation, Kamei et al. demonstrated that
mMPGES-1 contributes more profoundly to LPS-primed inflammatory hyper-algesia than to
basal acute pain perception [33].

Drug discovery with mPGES-1 as a molecular target

Given the known effects of PGs on cardiovascular function, there has been concern of the
potential for cardiotoxicity with any inhibitor of PG biosynthesis as anticancer agents. For
example, prostacyclin synthase is expressed in endothelial cells, its product, PGl,, is known
for its cardio-protective properties that cause platelet de-aggregation and vessel dilation
[23]. The recent history of cardiotoxicity associated with high doses of COX-2 inhibitors
clearly illustrates the potential problem. For example, a study in patients taking selective
COX-2 inhibitors showed that the increased risk of myocardial infarction (MI) and stroke
[64,65], and increased mortality after MI [66] may be due to an imbalance of prothrombotic
eicosanoids (increased TXAy) and antithrombotic eico-sanoids (decreased PGl») [67].
Interestingly, the deletion of mMPGES-1 did not have impact on blood pressure when the
mice were crossed with low-density lipoprotein receptor (LDLR) knockout mice [63].
Moreover, Wu et al. [68] demonstrated absence or reduced levels of myocardial damage
after coronary occlusion in mice lacking mPGES-1 compared to mice given COX-2
inhibitor (celecoxib) [69]. However, in contrast to work with COX-2 inhibitors mice with
targeted deletion of the gene encoding mPGES-1 did not show any alteration the levels of
TXA, or PGl5 in the heart after M1 [70]. Therefore, phar-macological inhibition of
mPGES-1 may not be associated with the perturbations in TXA, and PGI, metabolism that
increase the risk of arterial thrombosis in patients taking COX-2 inhibitors. Moreover, it was
recently reported by Cheng et al. that mMPGES-1 deletion, in contrast to deletion, disruption,
or inhibition of COX-2, does not result in hypertension or a predisposition to thrombosis in
normolipidemic mice [71]. These important findings suggest that selective mPGES-1
inhibitors should have very low, if any, cardiotoxic side effects typically associated with
COX-2 inhibitors.
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Identification & characterization of mPGES-1 inhibitors

There are several examples of compounds that were identified and developed to target
mMPGES-1. In this review, the compounds that have been described in the literature are
classified into three different categories:

»  Endogenous lipid, fatty acids and PGH, analogs (Table 3);

»  Known anti-inflammatory drugs and/or inhibitors of leukotrienes (LTs)
biosynthesis (Table 4);

» Natural compounds (Table 5).

Compounds that were further improved based on their structure and cellular activities are
also described in the next section (Tables 6 & 7).

Endogenous lipids, fatty acids & PGH, analogs

It has been reported that mPGES-1 is weakly inhibited (IC5o = 5 uM) by cysteinyl
leukotriene C4 (LTCy, (1), Table 3) [26], which also inhibits the structurally related
MGST-1 with higher potency (ICsg = 50 nM) [72]. With a GSH moiety, LTC4 has been
shown to inhibit MGST-1 by competing with GSH [72]. Because of the structural homology
between the members of MAPEG family of enzymes, inhibition of mMPGES-1 activity by
LTC4 may be due to a similar mechanism. Other lipid mediators such as PGs have also been
tested for MPGES-1 inhibition. The anti-inflammatory 15-deoxy-A 1214-pGJ, (2) is found to
be the most potent inhibitor of MPGES-1 (ICsq = 0.3 uM) compared with PGE,, PGF5,,
TXB; and PGJ,[73]. The fact that 15-deoxy-A1214-PGJ, is much more potent than its
analogs PGJ, or A12-PGJ, (ICsq > 50 uM) suggests that the hydroxyl group at Cy5 position
impairs mPGES-1 inhibition. Beside naturally occurring PGs, stable PGH, analogs have
also been tested as potential MPGES-1 inhibitors, among which U-51605 (3) inhibits
mPGES-1 activity to some extent. However, the potency is inconsistent between the studies
[26,73]. Unlike U-51605, two other stable PGH, analogs U-44069 (4) and U-46619 (5) fail
to inhibit mPGES-1 [26,73]. The activity of mMPGES-1 is also inhibited by a number of fatty
acids such as AA (6), docosahexaenoic acid (DHA, 7), eicosapentaenoic acid (EPA, 8) (ICsq
= 0.3 uM for each), and palmitic acid (9) (ICsq = 2 uM) [73]. These results suggest that the
anti-inflammatory properties of 15-deoxy-A1214-PGJ,, DHA and EPA can be partly
attributed to mPGES-1 inhibition.

Known anti-inflammatory drugs &/or inhibitors of LTs biosynthesis

The only traditional nonsteroidal anti-inflammatory drug (NSAID) that exhibits inhibitory
effect for mPGES-1 is sulindac. Its active metabolite sulindac sulfide (10; Table 4) has been
shown to weakly inhibit mPGES-1 activity (IC5¢ = 80 uM) [26]. There are several examples
of selective COX-2 inhibitors that also found to inhibit MPGES-1 activity. For instance,
NS-398 (11) is a COX-2 inhibitor that also inhibits mPGES-1 with an 1C5q value of 20 uM
[26]. Similarly, some other coxibs such as celecoxib (12) (1C5q = 22 pM), lumiracoxib (ICsq
= 33 uM), and valdecoxib (ICgsq = 75 uM) also moderately inhibit mPGES-1 activity,
whereas the other tested coxibs (etoricoxib and rofecoxib) fail to inhibit mPGES-1 activity
even when used up to 200 uM [74]. Interestingly, the celecoxib derivative
dimethylcelecoxib (DMC, 13) loses the COX-2 inhibitory effect, while obtaining slightly
better potency for mPGES-1 inhibition (ICsq = 16 pM) as measured in a cell-free assay [74].

MK-886 (14), an LT suppressor acting through inhibition of FLAP (IC5q = 26 nM), is also
found to inhibit mMPGES-1 in vitro (ICsg = 1.6 uM) [75,76]. This result reinforces the
similarity among the members of MAPEG (mPGES-1 versus FLAP, see Table 1 and Figure
1B). In intact cells, however, MK-886 has limited inhibitory effects on PGE,. At 100 uM,
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MK-886 only slightly reduces (~20%) LPS-induced PGE, in human whole-blood, and does
not show further inhibition with higher concentration [77]. In cytokine-stimulated gin-gival
fibroblasts, MK-886 does not significantly reduce PGE, synthesis at 2—4 puM, although the
protein level of mMPGES-1 is slightly reduced. When used at higher concentration (8 pM), it
even increases PGE; production in these gingival fibroblasts, with a concomitant
upregulation of COX-2 protein [78]. In Caco-2 and HT-29 colon cancer cells, 10 pM of
MK-886 significantly increases PGE, production, which may be due to a shunt of AA
metabolism to the PG pathway, since MK-886 is an inhibitor targeting the 5-LOX pathway
[79]. Taken together, the lack of inhibitory effect of MK-886 on cellular PGE; synthesis
suggests that this compound is unlikely to serve as an mPGES-1 inhibitor in vivo to reduce
PGE, production. Nevertheless, MK-886 has been used as a basis for the development of
more potent and selective mPGES-1 inhibitors (see later discussion).

Another anti-inflammatory drug licofelone (ML3000, 15; Table 4), originally identified as a
dual inhibitor blocking both COX and 5-LOX pathways, has also been shown to inhibit
mMPGES-1 activity with an ICsq value of 6 uM [80]. It dose-dependently reduces PGE,
production (ECsp= 0.1 uM) in IL-1p-stimulated A549 cells, a system where COX-1 is
undetectable [26], without affecting the generation of PGl (as detected by its stable
metabolite 6-keto PGF1, using an ELISA assay) [80]. However, the in vivo effect of
licofelone on PGE; reduction is also contributed by COX-1 inhibition, because licofelone is
a potent COX-1 inhibitor as tested in vitro (IC5p = 0.8 uM) and in intact human platelets
(ECsp = 0.24 uM for 12-hydroxy-5,8,10-heptadecatrienoic acid (12-HHT) reduction [80].
Interestingly, it has been shown by flexible alignment that licofelone shares pharmacophore
features with MK-886 [81]. In line with this observation, it acts primarily on FLAP rather
than 5-LOX itself [81]. Licofelone is currently evaluated as a treatment for osteoarthritis, as
it can suppress both PGE, and LTs biosynthesis, which offers benefits over traditional
NSAIDs and selective COX-2 inhibitors. In fact, licofelone derivatives have also been
developed as selective mMPGES-1 inhibitors by further structure—activity relationship (SAR)
studies (see later discussion).

Natural compounds

Recently, the Werz group based in Germany published a series of reports on natural anti-
inflammatory compounds as novel mMPGES-1 inhibitors, providing a novel mechanism by
which these compounds act [82—88]. As summarized in Table 5, these include curcumin (16)
from turmeric (ICsg = 0.3 uM) [82], epi-gallocatechin gallate (17) from green tea (ICsg = 1.8
uM) [83], garcinol (18) from the fruit rind of Guttiferae species (ICsg = 0.3 uM) [84],
myrtucommulone (MC, 19 ) from myrtle (IC5g = 1 uM) [85], arzanol (20) from Helichrysum
italicum (1Cgg = 0.4 uM) [86], boswellic acids (21-23) from frankincense (ICgsg = 3-10 uM)
[87], and the acylphloroglucinol hyperforin (24) from St. John’s wort (ICsg = 1 uM) [88].
These natural compounds inhibit mMPGES-1 without affecting COX-2 activity in vitro,
although some of them inhibit COX-1 to some extent (Table 5). In LPS-stimulated human
whole-blood or IL-1p-stimulated A549 cells, the compounds reduce PGE, production after a
short period of exposure (with ECsgq values in the range of 10-30 uM), but do not
significantly alter other prostanoids that are derived mainly from COX-2 under these
experimental conditions. However, it is not clear whether mPGES-1 inhibition is a
predominant mechanism of PGE, reduction in vivo for some of these compounds, because
the effects are usually multi-faceted with longer exposure (=24 h). For example, curcumin
has been shown to down-regulate the expression of COX-2. In fact, transcriptional
regulation of COX-2 has been considered as a major mechanism of curcumin [89]. In
addition, hyperforin significantly and dose-dependently inhibits the expression of both
COX-2 and mPGES-1 proteins in IL-1 B-stimulated A549 cells after 24 h incubation [88].
Therefore, the suppression of PGE, formation by these natural compounds may be due to
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the inhibition of COX-2 or mPGES-1 expression during prolonged exposure times.
Interestingly, all of these compounds have also been shown to inhibit 5-LOX activity in
vitro.

Further development of mMPGES-1 inhibitors

MK-886 derivatives (indole carboxylic acids)

As previously noted, a series of molecules based on the indole FLAP inhibitor, MK-866, has
been developed as selective mPGES-1 inhibitors [76]. The two most potent compounds are
shown in Table 6 (25 & 26, IC5q = 7 and 3 nM, respectively). They show mPGES-1
selectivity compared with their ability to inhibit mMPGES-2 or TXA, syn-thase in vitro, and
no apparent FLAP binding is observed as measured using a competitive ligand-binding
assay [90]. However, there is a shift in potency when these compounds are tested in cell-
based assays in the presence of fetal bovine serum (FBS). This may be caused by a high
degree of plasma protein binding, which makes these compounds ineffective in reducing
PGE; in LPS-stimulated human whole-blood and preclude them from in vivo testing.

Phenanthrene imidazoles

From an high-throughput screening (HTS) campaign using a mPGES-1 cell-free assay [91],
the JAK inhibitor azaphenanthrenone was discovered at Merck Frosst as a hit (ICgq value of
0.14 uM). In further SAR studies and lead optimization, the phenanthrene imidazole MF63
(27) was then identified as a potent selective mPGES-1 inhibitor by removal of the pyridine
moiety essential for JAK inhibition and by ortho-di-substitution of the imidazole-bonded 2-
phenyl moiety [92]. MF63 potently inhibits the human mPGES-1 enzyme (ICgq value of 1.3
nM), with a high degree (>1000-fold) of selectivity over human mPGES-2 and thromboxane
synthase (TXS). Unlike the indole carboxylic acids described earlier, this compound remains
potent and selective in cell-based assays under high plasma protein conditions. In the
presence of 50% FBS, MF63 inhibits PGE, production with an ECgq value of 0.42 uM in
Ab549 lung cancer cells. Further, it inhibits PGE, production when tested in LPS-stimulated
human whole-blood (ECsq = 1.3 uM) without concomitant inhibition of TXB, (ECgq > 40
uM). However, MF-63 does not inhibit the rat ortholog of mPGES-1 in the cell-free assay
(ICsq > 40 uM), and this discrepancy is also observed for mice [92]. According to a recently
proposed model, the species selectivity may be due to the substitutions of amino acid
residues Thr131, Leul35 and Alal138 (human amino acid sequence) with bulky aromatic
residues in rat mPGES-1, which occlude the entrance to the active site and therefore prevent
some inhibitors from binding [93]. Interestingly, rat and mouse mMPGES-1 are the only
rodent orthologs found to have this feature. Therefore, the anti-inflammatory property of
MF63 has been tested in guinea pigs (the 1Cgq value against guinea pig mPGES-1 is 0.9 nM
[92]) as well as knockin mice expressing human mPGES-1, instead of the well-established
rat models for inflammatory pain. In these preclinical animal models, MF63 administered
orally suppresses PGE; synthesis and showed efficient analgesic and antipyretic effects,
without causing Gl toxicity and PGI, reduction, which are typically associated with NSAIDs
[94]. Furthermore, MF63 demonstrates desirable pharmacokinetic properties in guinea pigs,
where the concentrations are 3.0, 4.1, and 3.2 uM in the plasma at 1, 2, and 6 h, respectively,
and 20 uM in the brain at 6 h after dosing (30 mg/kg orally) [94]. However, it has a short
half-life in rats and rhesus monkeys (1.5 and 1.3 h, respectively) when intravenously
administered [95]. Thus, further SAR studies aiming for favorable pharmacokinetic profiles
while improving the potency of mPGES-1 inhibition were conducted. As shown in Table 6,
two other phenanthrene imidazoles (28 & 29) have been identified as selective mPGES-1
inhibitors. Both compounds are equipotent to MF63 against human mPGES-1 in vitro, yet
superior to MF63 when tested in human whole-blood, A549 cells with 50% FBS, and in vivo
[95]. Compound 28, which has a tertiary alcohol substituted alkyne at the 9’ position of the
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phenanthrene backbone, shows greatest whole cell and whole-blood activity as compared
with other tested 9’-substituted chlo-rophenanthrene imidazoles. The compound 28 also
demonstrates analgesic activity in the LPS-induced hyperalgesia guinea pig model (ED5q =
30 mg/kg) when administered orally. According to pharmacokinetic studies in rat, 28 has a
slow absorption rate (Cmax at 6 h) and very long half-life (20 h) after single intravenous
dosing at 5 mg/kg. Consistently, the compound is barely metabolized when incubated with
rat or human hepatocytes for 2 h at 37°C (only 3% metabolism in both cases). In order to
avoid an excessive long half-life and low metabolism in human, another phenanthrene
imidazole (compound 29, also known as MK-7285 [96]) has been developed by additional
SAR studies. Overall, MK-7285 shows excellent activity in cell-free and cell-based assays
without concomitant reduction of other prostanoids. Importantly, it has an appropriate rat
half-life (2.3 h), higher degree of metabolism in rat (32%) and human (19%) hepatocytes,
faster absorption rate (Cynax at 1 h), and good bioavailability (68%). Finally, MK-7285
demonstrates greater in vivo efficacy than MF63 and compound 28 in the LPS-induced
hyperalgesia guinea pig model (EDsg = 14 mg/kg) [95].

Biarylimidazoles

Biarylimidazole, a scaffold that resides in the structure of MF63, has been described in a
series of SAR studies looking for more potent mPGES-1 inhibitors [97]. Four segments in
the biarylimidazole backbone were explored: the 2-imidazole group, the imidazole core, the
4- imidazole group, and the 5-imidazole group. The SAR analysis led to the identification of
30, which is highly potent in the mPGES-1 enzymatic cell-free assay (ICsp = 1 nM) as well
as in intact cell assay using A549 cells with ECsg values of 13 nM and 0.16 uM in the
presence of 2% and 50% FBS, respectively. In addition, compound 30 inhibits LPS-induced
PGE; formation in human whole-blood with an ECsg value of 1.6 uM, which approaches the
ECg of rofecoxib (ECgg = 0.53 uM). Furthermore, 30 exhibits great bioavailability (127%)
and an adequate half-life (4.8 h) in rats, indicating a good pharmacological profile [97].
However, the in vivo efficacy of this compound remains to be determined or has not yet
been reported.

Pirinixic acid derivatives

A class of dual mPGES-1/5-LOX inhibitors derived from the structure of pirinixic acid (31)
has been described recently by the Werz group. Although pirinixic acid itself does not show
inhibitory effects on 5-LOX or mPGES-1, bulky lipophilic in a a-substitution (n-hexyl, n-
octyl, or naphthyl, regardless of the absolute configuration) of the carboxylic acid group
results in a reduction of 5-LOX products in peripheral blood mononuclear leukocytes
(PMNL) [98], as well as mPGES-1 inhibition as measured in a cell-free assay [99]. As
exemplified in Table 6, the a-(n-hexyl)-substituted compound 32 (also named as YS121)
inhibits MPGES-1 (IC5p = 3.4 uM) and 5-LOX (ICgq = 6.5 uM) in the corresponding cell-
free assays. Overall, esterification of the carboxylic acid group is detrimental to mPGES-1
inhibition but favorable to 5-LOX inhibition. However, bulky lipophilic substituent (e.g.,
biphenyl-4-methane amine moiety) at C6 of the pyrimidine ring circumvents the preference
of esterification for 5-LOX inhibition, while also improving the efficacy of mPGES-1
inhibition. This led to the discovery of 33, which is the most potent mPGES-1 inhibitor
within this series with an ICsq value of 1.3 and 2.0 uM in cell-free assays for mPGES-1 and
5-LOX, respectively [98]. Although lipophilic acids could potentially inhibit COX-1/2 due
to AA mimicry, these two compounds and most of the other pirinixic acid derivatives
exhibit only moderate inhibitory effects (IC5¢ > 10 uM) on COX-1 or COX-2 in vitro.
Moreover, in IL-1B-stimulated A549 cells, YS121 and 33 dose- dependently reduce PGE»
production with ECsg = 12 and 6 uM, respectively [99]. Recently, further SAR studies based
on a-naphthyl substituted pirinixic acid were conducted, yielding the identification of
compounds with higher potency for both mPGES-1 and 5-LOX by replacing the 2,3-
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dimethylphenyl group with larger aromatic substituents. For example, compound 34 is a
dual mPGES-1/5-LOX inhibitor with an ICgq value of 0.94 uM (mPGES-1) and 2.3 uM (5-
LOX) [100]. However, the efficacy of PGE, reduction in cells was not determined.

Compound YS121 (32; Table 6) has been further characterized and has been tested in an
animal model of inflammation [101]. In human whole-blood, YS121 reduces PGE,
formation in a dose-dependent manner (ECsq = 2 uM) without affecting the levels of other
prostanoids (up to 30 uM). In a carrageenan-induced rat pleurisy model, YS121 (1.5 mg/kg
intraperitoneal, 30 min before carrageenan) was shown to remarkably inhibit exudate
formation and leukocyte infiltration 4 h after carrageenan injection to the pleural cavity. In
addition, the pleural levels of PGE, and LTB,4 were significantly reduced (36% and 48%
inhibition, respectively). However, YS121 also suppressed the generation of 6-keto PGF,,
(45% reduction) in the exudates, which might be due to its effect on COX-2 expression as
observed in IL-1B-stimulated A549 cells (treated with 10 uM of YS212). The underlying
mechanism could be peroxisome proliferator-activated receptors (PPAR)-a/y agonism
shown to downregulate COX-2 expression, because YS121 and other a-alkyl-substituted
pirinixic acid derivatives are found to be dual agonists of PPAR-o and -y. Furthermore,
YS121 is barely active in murine RAW264.7 cells, indicating the species selectivity also
seen in other MPGES-1 inhibitors. Therefore, the contribution of mMPGES-1 inhibition to the
in vivo efficacy is not clear.

Based on the structure of a compound within the a-substituted pirinixic acid series (35)
(ICs0 = 1.2 uM), another comprehensive SAR study has very recently been conducted with
the aim of identifying novel and more simplified scaffolds of dual mPGES-1/5-LOX
inhibitors [102]. Modifications of the two phenethoxy substituents at the pyrimidine core of
35 reveal that elongation of ethylene spacers or introduction of para-methyl substituents (36)
improves the potency of mPGES-1 inhibition, whereas replacement of phenyl group by
various aliphatic moieties reduces the potency. Among these novel derivatives of 35, 36
shows great and well-balanced activity against mPGES-1 (IC5p = 0.9 uM) and 5-LOX (ICsq
= 3.1 uM in cell-free assay, and EC5p = 0.5 uM in PMNL). Notably, good activities are
retained when the pyrimidine core including the thioether of 36 is replaced by a benzyl or
benzylidene moiety, leading to the identification of a novel and simpler structural scaffold
(trisubstituted benzene, e.g., 37). In this class of compounds, 37 is the most potent lead with
an optimized pattern of phenethoxy substitutions on the central benzene ring. It inhibits
mMPGES-1 in vitro with an ICgq value of 1.1 uM. On the other hand, the 5-LOX inhibition of
37 is much more pronounced in the cell-based assay (ECsg = 0.8 uM in A549 cells) than in
the cell-free assay (remaining 5-LOX activity at 10 uM is 91.3+10.5%), implying a non-
direct interference of 5-LOX activity. Importantly, none of the identified lead compounds
inhibits more than 50% of COX-1 or COX-2 activity at 10 uM [102].

2-mercaptohexanoic acids

Like the a-substituted pirinixic acid derivatives, 2-mercaptohexanoic acid derivatives were
originally identified as activators of PPAR-a and -y and later shown to be dual inhibitors of
mMPGES-1 and 5-LOX [103]. Compounds 38-40 are the most potent representatives of this
series with mPGES-1 1C5q values of 1.7, 2.2 and 2.2 pM, respectively. They also efficiently
inhibit 5-LOX both in cell-free and cell-based systems with 1Cgy and ECs values in the low
micromolar range. From the structural point of view, the 2-mercaptohexanoic acids with
elongated lipophilic aryloxy moieties might target other enzymes within the AA metabolic
cascade by mimicking the structure of AA (6). However, none of these compounds
significantly inhibit isolated COX-1 or COX-2. In addition, at least for 40, the activity of
isolated cytosolic PLA; is not affected at 10 uM. Finally, 40 does not suppress the
production of 12(S)-hydroperoxy-5,8-cis-10-trans-14-cis-eicosatetraenoic acid (12(S)-
HpETE)) and 15(S)-HpETE by 12-LOX and 15-LOX in human PMNL up to 10 uM.
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Licofelone derivatives (arylpyrrolizines)

Structure—activity relationship studies have been performed by using licofelone as a lead
structure, with the aim of discovering more selective and potent dual mPGES-1/5-LOX
inhibitors. As a result, introduction of a substituted sulfonamide group at the free acid
function is found to improve the potency toward mPGES-1 in vitro, while retain the sub-
micromolar 5-LOX inhibitory potency determined by cellular LTB,4 formation in PMNL.
One example of this series is compound 41 with an ICsg value of 2.1 uM in the cell-free
mMPGES-1 assay, which is 3.2-fold more potent than the lead compound licofelone. Of note,
is that both COX-1 and COX-2 activities are less inhibited by 41 than by licofelone,
indicating a better specificity. To improve chemical stability, the acetic acid moiety at the
pyrrolizin C-5 position is extended by one CH, unit to generate propionic analogs, which are
shown to be more stable than the corresponding acetic derivatives. In addition, elongation of
the alkyl chain length seems to diminish COX inhibition effects to some extent. Although
these compounds are predicted to be active in cell-based assays on the basis of previous data
for licofelone, such information is not available [104]. The compounds were not yet reported
to have in vivo activity.

Benzo[g]indol-3-carboxylates

Oxicams

In efforts to develop dual mMPGES-1/5-LOX inhibitors, indole-3-carboxylates were screened
for their ability to inhibit mMPGES-1, as they have previously been shown to potently
suppress LTs production by inhibiting 5-LOX [105]. Structural optimization led to the
identification of benzo[g] indol-3-carboxylates as mPGES-1 inhibitors exemplified by 42
(Table 6). Compound 42 exhibits an 1Csq value of 0.6 uM in the cell-free mPGES-1 assay,
and inhibits PGE, formation in intact A549 cells with EC5y = 2 uM. In spite of showing
marked inhibitory effects on isolated COX-1/2, 42 does not cause a significant reduction of
COX-2-derived 6-keto PGFy,, in A549 cells and only moderately (~43%) inhibits COX-1-
derived 12-HHT in human platelets at higher concentration (=10 pM). To assess the anti-
inflammatory efficacy and the effect on PGE, formation in vivo, 42 has been tested in
carrageenan-induced paw edema in mice and carrageenan-induced pleurisy in rats. In the
mouse paw edema model, intraperitoneal administration of 42 (4 mg/kg, 30 min prior to
carrageen) reduced paw swelling by 61% compared with the vehicle control. In addition, 42
(4 ma/kg, intraperitoneal) suppressed inflammatory responses associated with the rat
pleurisy model. Moreover, 42 reduced pleural levels of both PGE, and LTBy, but only
slightly and non-significantly lowered the 6-keto PGF4, level, which was efficiently
suppressed by indomethacin. These results suggest that the in vivo anti-inflammatory effects
could be attributed to the reduction of both PGE; and LTB, levels by dually inhibiting
mMPGES-1 and 5-LOX [1086].

By high-throughput screening of compounds against human recombinant mPGES-1, Pfizer
identified a series of benzo-thiopyran S-dioxides (e.g., 43; Table 6), which showed moderate
mPGES-1 inhibition while exhibited selectivity for mPGES-1 over COX-2. Subsequently,
the benzo-thiopyran group was replaced by dioxo-benzo-thiazinone (oxicam type, 44) and
further SAR was explored, resulting in the identification of 45, which was later named as
PF-9184 [107,108]. Briefly, the length and/or the nature of the linker between the C ring and
D ring is not an important determinant of mMPGES-1 inhibition activity, whereas the nature
and positions of the substituents on the D ring value are critical for potency. PF-9184 with
3,4-dichloro substitution on the D ring inhibits human mPGES-1 in vitro with an I1Cs of
0.016 puM. In addition, it suppresses PGE, production in IL-1p =-stimulated fetal fibroblast
cells (ECsqg 0.42 uM) and in LPS-stimulated human whole-blood (EC5y = 5 uM). Because
oxicams (originally developed as NSAIDs) are COX inhibitors [109], it is necessary to
evaluate the inhibitory effect of these oxicam analogs on COX inhibition. In fact, PF-9184
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shows > 238-fold selectivity for mPGES-1 over COX-2, which is determined by the ratio of
ECs for reducing PGE, and PGF,,, (a stable PGH, metabolite) in the IL-1 B-stimulated
fetal fibroblast cell assay. This is also confirmed by cell-free COX inhibition assays
(hCOX-1 1C5p = 118 uM, hCOX-2 IC5¢ = 263 uM) [107]. When further characterized in
inflammation-relevant cell systems, PF-9184 reduces PGE, while sparing other prostanoids
within a short time frame (<1 h). However, longer exposures (> 16 h) result in unexpected
inhibition of 6-keto PGFy,, synthesis in IL-1f stimulated synovial fibroblasts derived from
patients with rheumatoid arthritis, though only at higher doses. This is presumably due to the
feedback regulation of mMPGES-1 or COX-2 expression. Like other mPGES-1 inhibitors,
PF-9184 shows low potency against rat mMPGES-1 and fails to inhibit mPGES-1 in the rat air
pouch inflammatory model where mPGES-1 and COX-2 are induced by carrageenan
injection [108]. Finally, a major problem of PF-9184 is the poor aqueous solubility (<3 uM
in water). Unfortunately, any effort to improve the solubility by manipulating the chemical
structures led to a reduction in potency [107].

Trisubstituted ureas

From another high-throughput screening campaign against recombinant human mPGES-1
enzyme, a trisubstituted urea (46) was recently identified as a moderate mPGES-1 inhibitor
by Merck Frosst. Subsequently, Subsequently, potency optimization was conducted by
exploring SAR on all three substituents based on the urea core, resulting in the discovery of
potent and selective mPGES-1 inhibitors [110]. As exemplified by 47, the bis-tolane
inhibitors show great potency as measured in cell-free enzymatic assay and selectivity as
evaluated by TXB, inhibition in human whole-blood using an ELISA-based assay. More
specifically, the upper tolane has a terminal pyridyl substituent and the lower tolane contains
an electron-withdrawing group on the terminal phenyl group, as shown by 47. Compound 47
potently inhibits recombinant human mPGES-1 enzyme (IC5p= 2 nM), and reduces PGE,
production in A549 cells in the presence of 50% FBS (ECsg = 0.34 uM). Importantly, it
suppresses PGE» in human whole-blood assay (ECsp = 2.1 uM) without reducing TXB»
(ECsp > 40 uM). Further pharmacokinetic studies need to be carried and in vivo efficacy has
to be yet evaluated in other animal models.

Carbazole benzamides

Among a series of carbazole benzamides synthesized and characterized by Bruno et al., 48
(AF3442; Table 6) was identified as a potent inhibitor against recombinant mMPGES-1 with
an ICgq value of 0.06 uM [111]. In addition, AF3442 dose-dependently inhibits PGE,
production (ECsg = 0.41) in LPS-stimulated human monocytes where COX-2 and mPGES-1
expression are both induced. On the other hand, other prostanoids (TXB,, PGF5,, and 6-
keto-PGF;,) remain unaffected by AF3442. However, AF3442 at higher concentration (100
uM) significantly suppresses TXB5 and slightly reduce PGF,,, and 6-keto-PGF1,, , indicating
a potential COX inhibition effect associated with higher doses. In fact, at 100 uM AF3442
reduces COX-2 expression by approximately 30% in these LPS-stimulated human
monocytes. In human whole-blood assays, AF3442 inhibits the generation of PGE; (ECsg =
29 uM) without affecting other prostanoids when tested up to 100 uM. Notably, AF3442 has
no effect on thrombin-stimulated prostanoids (PGE,, TXB,, PGF,, 6-keto-PGF;) that are
produced and mainly by COX-1 and constitutive terminal synthases in platelets. Together,
AF3442 seems to be a selective mPGES-1 inhibitor.

Other scaffolds identified by computational approaches

There are a number of novel scaffolds identified by virtual screening, although none of them
has been tested in intact cells or animals yet (Table 7). For example, a multistep, ligand-
based virtual screening of a library containing 360,169 compounds has led to the
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identification of 49 with an ICsg value of 0.5 uM in mMPGES-1 cell-free assay [112].
Importantly, 49 (up to 30 uM) does not inhibit the activity of either COX isoforms. As
another example, 50 (ICsg = 3.2 uM) was identified by molecular docking studies on 26
triazole-based compounds. This small set of compounds was designed by taking into
account the binding requirements to the active site of MGST-1, which shares significant
homology with mPGES-1 [113]. As revealed by molecular modeling, the carboxy group of
50 forms a hydrogen bond with the highly conserved Arg131 in MGST-1 (corresponding to
Arg110 in mPGES-1), which is critical for PGH5 binding. Interestingly, this in silico screen
also resulted in the identification of compounds targeting 5-LOX and FLAP. Finally, virtual
screening of the National Cancer Institute and the Specs database was performed using a
ligand-based pharmacophore model built upon the structure information of six acidic indole
inhibitors of MPGES-1 [114]. Among 34 identified compounds, 29 of them with full
solubility were selected for biological testing. As a result, nine compounds with diverse
scaffolds (51-59, Table 7) were identified as mPGES-1 inhibitors (ICsg = 0.4 to 7.9 uM).
Besides, most of them also inhibit 5-LOX in the cell-free system as well as in intact cells.
Based on molecular docking studies, the most active compound (57) interacts with Arg126
and Glu77 of mPGES-1.

Future perspective

In this review, following a presentation of mPGES-1, we presented an overview of the
compounds that have been described in the literature to inhibit the target. Figure 3
summarizes the number of peer-reviewed articles per year that have been published since the
discovery of mPGES-1 as well as the number of patents that were issued per year. An
exponential increase in the number of papers on mMPGES-1 can be noticed since its discovery
and clearly the pathway and the enzyme have generated a great interest in the field of
research. Papers that describe small molecules that inhibit the activity of the enzyme have
increased dramatically over the past 5 years. This observation can further be followed in the
number of patents issued over these past 5 years as well. However, and interestingly,
compounds that are subsequently found to inhibit mPGES-1 in cell-free assays and/or in
vitro cellular assays, have been reported to exhibit in vivo anti-inflamma-tory activity only
in rare cases in various animal models. One may wonder as to the explanation of such
observation. There are several facts that could explain this. First, selectivity could be one of
them. As stated in the first part of the review, the protein belongs to the MAPEG family of
proteins and, thus, compounds that will inhibit the target will likely hit the other members of
the family. The fact that one subunit of MPGES-1 also resembles other proteins such as the
Huntingtin interacting protein 12 (PDB: 1R0D), the V-type sodium ATP synthase subunit K
(PDB: 2BL2) or the protein tyrosine kinase 2 3 (03GM3) is also concerning. Only MK-886
(25) has been demonstrated to exhibit some anticancer properties in vivo, mostly due to its
FLAP inhibitory properties [115]. However, increasing evidences suggest that dual
inhibitors such as 5-LOX/mPGES-1 inhibitors would work well but clinical trials will
further validate this novel concept. Second, amino acid sequence disparities between human,
mouse and rat may have impaired research. Finally, from a modeling as well as a drug-
design point of view, the trimeric target posses a very hydrophaobic active site and has been
proposed to exist in a open and closed conformation. The two facts increase the
complications encountered during the development and/or discovery of novel selective
inhibitors for mPGES-1. In conclusion, it is clear that mMPGES-1 represents an attractive
therapeutic target for cancer as well as other disease in which inflammation plays a role.
How soon will a selective mPGES-1 be identified and tested in clinical trials will depend on
the co-crystallization of a lead compound within the active or inactive protein and the
selectivity that can be achieve within the MAPEG family of enzymes. These two challenges
may eventually be bypassed should the biology show an increase efficacy and utility
towards non-selective compounds regardless of their mechanism of action.
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mPGES-1 Terminal inducible synthase responsible for the production of PGEy. It is
overexpressed in a variety of cancers
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Figure 1. Microsomal prostaglandin E synthase-1 and structural homologies with other proteins
(A) View from the top of the trimeric complex. The structure was downloaded from the
PDB database (3DWW). GSH is shown in ball and sticks. (B) Structural similarities
between mPGES-1 (3DWW, in orange), and MGST-1 (2H8A.A, in cyan), FLAP (2Q7M.F,
in cyan), Huntingtin interacting protein 12 or HIP-12 (1R0D.A, in cyan) and the protein
tyrosine kinase 2 f or PTK2 (3GM3.A, in cyan).
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Figure 2. Prostaglandin E synthesis pathway

The initial step of PGE, synthesis is the stimulus-induced liberation of AA from the
membrane phospholipids by PLA, enzymes. AA is then sequentially metabolized into PGG,
and then to PGH,, by either COX-1 or COX-2. PGH; is an unstable intermediate prostanoid,
which is rapidly converted into various prostanoids by specific terminal prostaglandin
synthases, of which prostaglandin E synthases (MPGES-1, mPGES-2 and cPGES) generate
PGE, from PGH,. The other synthases include PGIS that forms PGl,, PGDS for PGD,,
PGFS for PGF,, and TXS for TXA,. PGl, is non-enzymatically metabolized to the more
stable 6-keto PGF,,. PGE, mediates inflammation, stimulates cell growth and angiogenesis,
and also inhibits apoptosis.

TUpregulated in cancers.

AA: Arachidonic acid; PGDS: Prostaglandin D synthase; PGE,: Prostaglandin E,; PGFS:
Prostaglandin F synthase; PGIS: Prostaglandin I synthase; PLA,: Phospholipase Ay; TXAy:
Thromboxane Ap; TXS: Thromboxane synthase.
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Figure 3. Number of publications and patents on microsomal prostaglandin E synthase-1
Black bars are the number of papers containing microsomal prostaglandin E synthase-1
(mPGES-1) in their title (reviews included). Gray bars are the number of patents published
on mPGES-1 (including usage patents).
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Table 2

Microsomal prostaglandin E synthase-1 overexpression in human cancers.

Cancer type Percentage Detection methods Ref.
Colorectal cancer 83% (15/18)T IHcE+we8 [39]
96% (81/84) IHC [40]
Non-small-cell lung cancer 79% (15/19) IHC+WB [52]
66% (61/93) IHC+wB+RT-PCRT B4
70% (55/79) IHC+WB [53]
Gastric adenoma 79% (23/29)% IHC [38]
829% (14/17) 1t
10006+
Gastric cancer (Helicobacter pylori related) 44% (22/50)88  HC [35]
66% (55/84) 111
Gastric cancer 33% (15/45) IHC+WB [36]
47% (60/129) IHC+WB [371
Head and neck squamous cell carcinoma 79% (11/14) IHC+WB [50]
84% (21/25) IHC+RT-PCR [49]
Squamous cell carcinoma of the penis 100% (16/16) IHC+WB [51]
Squamous cell carcinoma of the larynx 92% (23/24) IHC [55]
Squamous cell carcinoma of the uterine cervix — 46% (7/15) IHC [56]
Breast cancer 79% (70/89) IHC [46]
Ovarian adenocarcinoma Not specified IHC+WB [58]
Hepatocelluar carcinoma Not specified IHC+WB+RT-PCR [41]
39% (7118)#  IHC 2]
35% (14/40)t1T
0% (0/6) T
Renomedullary interstitial cell tumors 86% (12/14) IHC [47]
Pancreatic cancer 71% (5/7) IHC+WB+RT-PCR [43]
Barrett’s esophageal 100% (123/123) RT-PCR [34]
Glioma Not specified IHC [44]
Medulloblastoma 100% (39/39) IHC [45]
Papillary thyroid carcinoma 95% (19/20) IHC [48]
Endometrial adenocarcinoma Not specified IHC [57]

+
Adenoma plus cancer.

¢Immunohistochemistry.

§Western blotting.

ﬂReverse transcription PCR.

#
Overall.
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ﬁln patients with synchronous carcinoma.

¢¢In patients with synchronous adenocarcinoma.

§§In patients responsive to eradication therapy.

wln patients resistant to eradication therapy.

##Well differentiated.

TTTModerately differentiated.

inPoorly differentiated.
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Endogenous lipids, fatty acids and prostaglandin endoperoxide analogs.

Table 3

Palmitic acid wCO,H

Number  Compound Structure ICsoluM]T  Ref.
1 LTC, ?—g\ma‘mone 5 126]
NN COH
o OH
2 15-deoxy-A1214-pGJ, 0.3 (73]
3 U-51605 (PGH, stable analog) <10 [73]
>100 [26]
4 U-44069 (PGH, stable analog) NN NI [26]
2 Ss
5 U-46619 (PGH, stable analog) NI [26]
6 Avrachidonic acid 0.3 [73]
7 Docosahexaenoic acid 0.3 [73]
8 Eicosapentaenoic acid — — coH 0.3 [73]
9 2 [73]

TDetermined by cell-free MPGES-1 activity assays.

NI: No significant inhibition; PGH2: Prostaglandin endoperoxide.
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Table 4

Known anti-inflammatory drugs and/or inhibitors of leukotrienes biosynthesis.

Number  Compound Structure ICso (M) Ref.

10 Sulindac sulfide F 80 [26]

11 NS-398 NHSO,CH, 20 [26]

12 Celecoxib CH, 22 [74]

SO,NH,
13 Dimethylcelecoxib H,C 16 [74
= CH
F,C "
: "SO,NH,
14 MK-886 CH, SC(CH,), 1.6 [76]

15 Licofelone (ML3000) O 6 [80]
—
/

TDetermined by cell-free mMPGES-1 activity assays.
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Table 7

Other scaffolds identified by computational approaches.

Number  Structure ICso (M) Ref.
49 . R 0.5 [112]
A0
50 o 32 3]
51 O\\é{a.« /©/ 2.3 114

Q i H
Br
N
coH
52 2.8 [114]
53 7.9 [114]
54 2.6 [114]
Br
ClI
55 S 77 [114]
%n - Sﬂoc>f
I )—s
56 @/S\E) 3.0 [114]
o/
o N
0
cl N NCOH
57 . n\H/H 0.4 [114]
LT
CF,
HO,S
ci
58 COH 3.7 [114]
O N
)
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Number ~ Structure ICso (nM)T  Ref.
59 C\Qj\ 0.5 [114]
Hoc/\/l‘\“ N
“a
Wco,u
s
S

TDetermined by cell-free MPGES-1 activity assays.
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