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Abstract

Isoform-selective agonists and antagonists of the lysophosphatidic acid (LPA) G protein coupled
receptors (GPCRs) have important potential applications in cell biology and therapy. LPA GPCRs
regulate cancer cell proliferation, invasion, angiogenesis, and also biochemical resistance to
chemotherapy- and radiotherapy-induced apoptosis. LPA and its analogues also are feedback
inhibitors of the enzyme lysophospholipase D (lysoPLD, a.k.a., autotaxin, ATX), a central regulator
of invasion and metastasis. For cancer therapy, the optimal therapeutic profile would be a
metabolically stabilized, pan-LPA receptor antagonist that also inhibited lysoPLD. For protection of
gastrointestinal mucosa and lymphocytes, LPA agonists would be desirable to minimize or reverse
radiation or chemical-induced injury. Analogues of lysophosphatidic acid (LPA) that are chemically
modified to be less susceptible to phospholipases and phosphatases show activity as long-lived
receptor-specific agonists and antagonists for LPA receptors, as well as inhibitors for the lysoPLD
activity of ATX.
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LPA: Small but Powerful

Among the bounty of phospholipids involved in cell signaling, lysophosphatidic acid (LPA)
plays an unusually diverse set of important roles. Though chemically simple, LPA (1- or 2-
radyl-sn-glycerol 3-phosphate) elicits a rich array of biological responses, including platelet
aggregation, promotion of cell survival, and cell migration [1,2]. LPA signaling regulates
infertility [3,4] as well as cancer cell proliferation, invasion, angiogenesis, and biochemical
resistance to chemotherapy and radiotherapy-induced apoptosis [5,6]. One mechanism of
enhanced tumor cell invasion by LPA is the receptor-mediated activation of the Rho and Rac
GTPase pathways, known to be essential for the regulation of the actin cytoskeleton and cell
motility [7]. A second pathway is the regulation of matrix metalloproteinase activity by LPA,
a key process in metastasis [8]. In addition to cancer, there is an ever expanding series of
medicinal chemistry targets for lysolipid signaling [9]. Most of the known effects of LPA are
transduced via three G protein-coupled receptors (GPCRs): LPA1, LPA,, LPAg, also known
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as EDG2, EDG4 and EDG?7, respectively [10]. Recently three purinergic cluster GPCRs,
LPA4/GPR23 [11], LPAs/GPR92 [12,13], and LPA4/GPR87 [14] as well as the nuclear
transcription factor PPARy, have been reported to interact with LPA [15], but the biological
roles of these receptors remain unclear. The three canonical receptors appear to have a unique
structure-activity relationship for acyl groups, backbone, and phosphate analogues [16,17].
Short and long chain fatty alcohol phosphates also activate the EDG receptors [18,19].

LPA is produced extracellularly from lysophosphatidylcholine by the lysophospholipase D
(lysoPLD) activity of autotaxin (ATX) [4,20]. Even before its lysoPLD activity was known,
ATX was known to be a metastasis-enhancing motogen with potent angiogenic effects in
tumors [21]. Thus, in addition to a normal functional role in stabilizing blood vessels during
embryonic development [22], local production of LPA by ATX/lysoPLD could support the
invasion of tumor cells, promoting metastasis [1]. AT X is feedback inhibited by LPA [23], and
the lysoPLD activity can be readily assessed in a high-throughput mode using a fluorogenic
substrate [24]. For cancer therapy, therefore, both LPA receptor antagonists and AT X inhibitors
have strong potential, by both blocking the growth-supporting and anti-apoptotic effects of
LPA and reducing its titer. Indeed, compounds that are simultaneously pan-antagonists and
ATX-inhibitors, such as analogues described below, are noteworthy dual-effect candidates for
drug development [25].

We previously reviewed a wide variety of metabolically-stabilized LPA and PA analogues
[26] with partial selectivity for individual LPA GPCRs and PPARY [15,27-32]. This overview
will highlight the most recently synthesized analogues and their corresponding biological
activities. Specifically, we will focus on four classes of compounds. First, we describe the
cyclic carba LPA (ccPA) analogues, which have structure-dependent agonist and antagonist
properties, and are also potent ATX inhibitors, Second, we describe the a-hydroxymethylene
LPA phosphonate analogues with structure-dependent agonist properties, and the -
halomethylene LPA phosphonate analogues, the majority of which act as pan-LPA GPCR
receptor antagonist and potent autotaxin inhibitors [33]. Third, we show that the aminooxy-
LPA (AO-LPA) analogues are surprisingly potent, partially selective LPAR agonists. Fourth,
we outline the alkoxymethylene phosphonates (MP-LPA) analogues, which exhibit
remarkably LPA2-specific agonist effects. Before 2005, none of phosphonate analogues of
LPA or PA retained the 3-oxygen functionality of the glyceryl backbone; instead, that oxygen
had been replaced with methylene, fluoromethylene, and difluoromethylene moieties [26]. Our
efforts to obtain “phosphate-free” stabilized analogues by preparing neutral, phosphomimetic
sulfonamide and sulfonamidoxy analogues of LPA, also failed to give a biologically active
agent [34].

Metabolically stabilized LPA analogues

The catabolism of LPA proceeds via three main pathways [35]: (a) lipid phosphate phosphatase
enzymes hydrolyze the phosphomonoester to monoacylglycerol; (b) acyltransferases esterify
LPA to PA; and (c) LPA-specific lysophospholipases hydrolyze the sn-1 acyl chain to form
the corresponding glycerol phosphate. In addition, a nonenzymatic intramolecular acyl chain
migration can occur that interconverts the sn-1- and sn-2-acy| species [28]. Earlier, we surveyed
the structure-activity relationships (SARSs) of a wide array of LPA isosteres [26] in which labile
groups have been chemically stabilized. Successful substitutions included replacement of the
sn-1 and sn-2 hydroxyl groups with fluorine, methoxy or 2-hydroxyethoxy groups, and
replacement of the acyl esters with alkyl ethers [26]. The phosphomimetics include methylene
(-CH>-) phosphonates, a-X methylene phosphonates (where X = -CHF-, CHBr-, or -CHOH-),
phosphorothioates [32,36], phosphonothioates, methyl phosphonates and monofluoromethyl
phosphonates [26,33]. In several studies of receptor activation, the activities of
phosphomimetic LPA analogues were correlated with the second pKa values [26,31]. We have
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now focused our medicinal chemistry efforts on four types of phosphomimetic functional
groups that may display higher affinity for LPA receptors, either as agonists or antagonists:
a-X methylene phosphonates, alkoxymethylene phosphonates, phosphonothioate and the
phosphorothioate. Importantly, two of these three phosphomimetics have the same value of
second pKa as phosphate [26].

In this review we will focus on results from 2005-2008, with an emphasis on the biological
evaluation of the most potent LPAR agonists, antagonists, and enzyme inhibitors. It will
become clear that targeting the LPA signaling pathway may indeed offer therapeutic
opportunities for both agonists (radioprotection and wound healing) and antagonists (treatment
of metastatic tumors).

Cyclic carba-LPA analogues

The sn-1,2-cyclic phosphate derivative of LPA, commonly known as “cyclic PA (cPA)” affects
numerous cellular functions, including anti-mitogenic regulation of the cell cycle, regulation
of actin stress fiber formation and rearrangement [37], and inhibition of cancer cells invasion
and metastasis [38]. Recently, a meticulous structure-function study of 2-carbacyclic and 3-
carbacyclic analogues of cPA (ccPA) showed that both regioisomers inhibited cancer cell
invasion and metastasis. Moreover, both isomers were potent, selective inhibitors of the
lysophospholipase D activity of ATX but lacked detectable agonist activity for LPA; » 3 EDG-
family receptors [39] . We independently explored the SAR of the 3-carba ccPA compounds,
in particular preparing the pKa-matched phosphonothioate and fluoromethylene phosphonate
analogues of ccPA [40]. Figure 1 summarizes the pharmacology of these ccPA analogues,
which showed subtype-specific agonist and antagonist activity in Rh 7777 or CHO cells
expressing the individual EDG-family LPA receptors. Among the oleoyl derivatives, the
monofluoromethylene phosphonate and phosphonothionate ccPA analogues were both modest
LPA,3 antagonists. In contrast, the difluoromethylene phosphonate ccPA analogue and ccPA
itself showed weak or no LPAR agonist activity [40].

Figure 2 illustrates the difference between the acyclic a-fluoro and a,a-difluoromethylene
phosphonates and the corresponding cyclic ccPA analogues. These differ only by the formation
of a cyclic phosphonate ester onto the sn-2 hydroxyl group. Both the 18:1 LPA itself and the
18:1 LPA phosphonate itself are micromolar pan-agonists for LPA_4 [33], while the
corresponding 18:1 ccPA analogue has no agonist or antagonist activity below 10 uM. The
acyclic a-fluoromethylene phosphonate was a potent LPA3 agonist, while the cyclic o-
fluoromethylene phosphonate was a selective LPA/3 antagonist [26,31]. Upon cyclization, the
inactive acyclic a,a-difluoromethylene phosphonate became a weak LPA1/,/3 agonist.

LPA; and LPA3 may contribute to the pathogenesis of rheumatoid arthritis (RA), through the
modulation of fibroblast-like synoviocytes (FLS) migration and cytokine production [41]. In
FLS isolated from synovial tissues of patients with RA, exogenously applied LPA induced
FLS migration and secretion of IL-8/IL-6, whereas the phosphorothioate LPA3 agonist OMPT
[32,36] stimulated cytokine synthesis but not cell motility. The LPA-induced motility of FLS
and cytokine production were both suppressed by LPA1,3 receptor antagonists. AT X was also
abundant in the synovial fluid of RA patients, and synovial fluid-induced cell motility was
reduced by compounds with LPA43 receptor antagonist activity and/or AT X-inhibitory
activity, such as the phosphonothioate analogue of ccPA (ATX inhibition only) as well as the
a-bromomethylene phosphonate (both ATX inhibitor and pan-LPA antagonist [41].

Phosphonate LPA analogues -- the importance being alpha

Previously, we stabilized LPA analogues by substitution of the bridging oxygen in the
monophosphate by either a a-monofluoromethylene (-CHF-) moiety or an a,a-
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difluoromethylene (-CF,-) group [31]. As predicted from the hypothesis of matching the
second pKa value [26], only the a-monofluoromethylene analogue was an LPAR agonist.
Indeed, the a-monofluoromethylene analogue was a potent agonist for LPA3 but not for
LPA; or LPA,. Consistent with the design of these phosphonates to resist degradation by lipid
phosphate phosphatases, the a-monofluoromethylene analogue showed a half-life of 17 hwhen
co-incubated with cultured cells, compared to less than 30 min for 1-oleoyl-LPA. [31].

We next synthesized of a more complete series of a-substituted methylene phosphonate
analogues of LPA [33]. Each of these analogues contained a hydrolysis-resistant phosphonate
mimic of the labile monophosphate of natural LPA, and we prepared both the palmitoyl and
oleoyl derivatives of each analogue. The pharmacological properties of the palmitoyl a-X
methylene phosphonate analogues (Figure 3) were characterized in terms of LPA receptor
subtype-specific agonist and antagonist activity in RH7777 and CHO cells expressing the
individual LPA GPCRs. In particular, the parent unsubstituted phosphonate LPA analogue (X
= H) was a weak antagonist for LPA1/,/3, but a weak agonist for LPA4. Most importantly, the
a-bromomethylene (X = Br) and a-chloromethylene (X = CI) phosphonates showed pan-LPA
receptor subtype antagonist activity. These a-X analogues were initially prepared and tested
as diastereomeric mixtures at the a-carbon, but separation and individual testing of the a-
hydroxymethylene phosphonate analogues revealed little pharmacological difference between
the two single diastereoisomers. Importantly, the a-bromomethylene phosphonates (BrP-LPA)
were the first reported antagonists for the LPA4 GPCR. Also important to the utility of these
antagonists in cancer therapy, each of the a-substituted methylene phosphonates inhibited the
lysoPLD activity of ATX. Finally, unlike many LPA analogues, none of these compounds
activated the intracellular LPA receptor PPARYy [33].

In vitro chemotaxis studies, addressing the effects of LPA/ccPA analogues on invasiveness,
were performed to evaluate the anti-metastatic potential of the phosphonothioate ccPA (thio-
ccPA) and a-bromomethylene phosphonate LPA (BrP-LPA) analogues (Figure 4) (M. Serban,
unpublished results). LPA; is the most important GPCR mediating cell motility and invasion
of normal and neoplastic cells [42]. Transformed NIH 3T3 cells expressing ATX and ras were
used for this study [21,43]. For the assay, 24-well Transwell plates with inserts (8 um membrane
pore size) pre-coated with Matrigel (0.35 mg/ml) were used. The culture medium in the lower
wells was augmented with 10% fetal bovine serum as the chemoattractant. In the inserts, cells
(5 x 10° cells/ml) were plated in serum free conditioned medium (10 pM of LPA or analogues)
and incubated for 24 h. Two inserts per treatment were then processed by staining the insert
membranes and counting the migrated cells in five distinct fields/insert at 400X magnification.
When treated with BrP-LPA or ccPA, invasiveness of the NIH 3T3 ras ATX cells decreased
to 40% and 36 %, respectively, relative to the untreated controls. Compared to the LPA
treatment, BrP-LPA decreased chemotaxis by 23%. Analogously, thio-ccPA reduced
invasiveness by 30%, relative to ccPA. These results are consistent with previous reports that
each of these compounds inhibited ATX [23,33,38,40], which is associated with increased
metastatic potential [40].

Lipid signaling through phosphatidylinositol 3,4,5-trisphosphate and lysophosphatidic acid
(LPA) pathways is aberrant in the majority of cancers. While inhibitors of Pl 3-kinase pathway
are now being evaluated in human patients, anti-cancer agents that modify LPA receptor
signaling and cause regression of tumors or inhibition of metastasis in vivo have not yet been
used in the clinic. A comprehensive study of 2-carba and 3-carba ccPA analogues with ATX
inhibitory activity demonstrated significant reduction of A2058 melanoma cell invasion in
vitro and B16F10 melanoma cell metastasis in vivo [39]. Recently, we found that our pan-
antagonist/ATX inhibitory BrP-LPA analogue (as the diastereomeric mixture) reduced
metastasis to the lung in normal C57BL/6 mice that were injected with B16F10 murine
melanoma cells. The mice were treated twice (Day 3, Day 7) with 10 mg/kg of three LPA
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antagonist/ATX inhibitors (thio-ccPA, CHF-ccPA, or BrP-LPA). Quantification of the number
of lesions on the lungs at Day 21 revealed that both BrP-LPA and thio-ccPA showed statistically
reduced lung metastases (M. Murph, Y. Xu, G. Jiang, G. B. Mills, and G. D. Prestwich,
unpublished results).

Moreover, we showed that the BrP-LPA diastereomeric mixture reduced cell migration and
invasion, and caused regression of orthotopic breast tumors in vivo [44] (Figure 5). In that
study, we also synthesized the two separate diasterecisomers of the BrP-LPA. The separate
syn and anti diastereomers of BrP-LPA were pan-LPA GPCR antagonists for LPA;.s.
Moreover, each diastereomer was a submicromolar inhibitor of the lysoPLD activity of ATX.
Computational models correctly predicted the diastereoselectivity of antagonism for three
EDG family LPA receptors. The anti isomer was more effective than syn in reducing migration
of MDA-MB-231 human breast cancer cells, and the anti isomer was superior in reducing
invasion of these cells. Finally, orthotopic engineered tumors [45-47] were established in the
mammary fat pads of nude mice by injection of the MB-231 cells in an in situ-crosslinkable
extracellular matrix [46]. After two weeks, mice were treated twice per week for two weeks
with BrP-LPA alone (10 mg/kg), Taxol alone (10 mg/kg), or Taxol followed by BrP-LPA;
tumors from untreated animals served as controls. As shown in Figure 5, BrP-LPA was highly
effective in reducing tumor size. In addition, the pan-antagonist/ATX inhibitor BrP-LPA was
superior to Taxol in reducing blood vessel density in tumors [44]. Moreover, both the anti and
syn diastereomers of BrP-LPA eliminated tumors at 3 mg/kg [44]. Figure 5 also illustrates the
reduction of tumor size in atissue engineering model for liver metastasis of an HCT-116 human
colon cancer (G. Yang, unpublished results).

Aminooxy LPA analogues

We used the Mitsunobu reaction to introduce the aminooxy (AO) functionality in a
stereocontrolled manner to complete an efficient synthetic approach to the enantiomerically
pure sn-2 AO-LPA analogues [48]. The aminooxy function appears in a toxic amino acid
analogue, the leguminous anticancer natural product agent L-canaline [49], and its toxicology
is attributed to its high nucleophilicity, particularly in reactions with carbonyl groups. Both the
palmitoyl and oleoyl acyl derivatives were prepared. The AO-LPA analogues were evaluated
for pharmacological activity against G protein-coupled receptors, inhibition of the
lysophospholipase activity of autotaxin (ATX), and the ability to stimulate migration of
intestinal epithelial cells in a scratch wound assay.

Figure 6 summarizes the pharmacological properties of the 16:0 and 18:1 AO-LPA analogues
on LPA;_4 GPCRs. Both palmitoyl and oleoyl sn-2-A0 LPA analogues were agonists for the
LPA1, LPA,, and LPA, receptors, but were antagonists for the LPA3 receptor. The 18:1
analogue was the most potent (382 nM) compound and was a full agonist for LPA,. This same
analogue was also the most potent (56 nM) partial antagonist for LPA3. Both AO-LPA
analogues inhibited recombinant ATX activity at 10 uM with potencies similar to those of LPA
itself. Moreover, the AO-LPA analogues enhanced of migration of IEC-6 human intestinal
endothelial cells. This effect is congruent with the agonist activity towards the LPA, receptor,
which is required for protection against radiation injury [50].

Methylenephosphonate LPA analogues

An efficient stereocontrolled synthesis afforded alkoxymethylenephosphonate (MP) analogues
of lysophosphatidic acid (LPA) and phosphatidic acid (PA) [51]. Previous efforts had identified
the MP analogues as potentially useful phosphatase-resistant ligands in signaling by
phosphatidylinositol 3-phosphate [52], phosphatidylinositol 5-phosphate [53], and
phosphatidylinositol 3,4,5-trisphosphate [54]. The pharmacological properties of MP-LPA
analogues were characterized for LPA receptor subtype-specific agonist and antagonist activity
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using CaZ*-mobilization assays in RH7777 cells expressing the individual LPA;-LPA;3
receptors, CHO cells expressing LPA,, and activation of a PPARYy reporter gene construct
expressed in CV-1 cells (Figure 7).

The MP-LPA analogues exhibited an unanticipated pattern of partial agonist/antagonist
activity for the LPA G protein-coupled receptor family and the intracellular LPA receptor
PPARy. Activation of downstream signaling in HT29 colon cancer cells, which exclusively
express LPA,, was determined for MP-LPA and 18:1 LPA and compared with activation in
SKOV3 and OVCARS3 ovarian cancer cells, which express LPA1, LPA,, and LPA3.
Unexpectedly, reverse-phase protein arrays showed that four MP-LPA and MP-PA analogues
selectively activated downstream signaling in HT29 cells with greater potency than LPA. In
particular, the oleoyl MP-LPA analogue showed a concentration-dependent increase in
phosphorylation and activation of AKT, MEK, and pS6 in HT29 cells. In contrast, the four
MP-LPA analogues were equipotent with LPA for pathway activation in the SKOV3 and
OVCARS cells. Thus, the MP analogues appear to selectively activate signaling via the
LPA, receptor subtype, while simultaneously suppressing signaling through the LPA; and
LPA3 subtypes [51].

The chemical synthesis and SAR of metabolically-stabilized LPA analogues have revealed
novel isoform-selective agonists and antagonists for the LPA GPCRs and nuclear receptors.
These LPA-selective analogues may well prove to be useful new reagents to characterize
cellular and physiological roles of LPA receptor subtypes both in vitro and in vivo. These tools
will thus facilitate the unraveling of the fundamental biology of LPA receptor signaling and
the development of human therapies based upon targeting these receptors.
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Structure-activity relationships for a-X methylene phosphonate palmitoyl LPA analogues.
Adapted from Ref. 33.
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Figure 4.
Inhibition of migration of NIH 3T3 ras ATX cells by ATX inhibitors and LPA antagonists.
Statistical significance is indicated by p < 0.05.
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Figure 5.
a-Bromomethylene phosphonate LPA analogues cause tumor regression. Above, the structure

of the pan-antagonist/ATX inhibitor BrP-LPA and its effect on reducing tumor size for a tissue
engineered orthotopic MDA-MB-231 human breast cancer tumor. Below, reduction of tumor
size in a tissue engineering model for liver metastasis of a HCT-116 human colon cancer
Adapted from Ref. 44,
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pharmacological results. Right, AO-LPA enhanced migration of intestinal epithelial cells in a
scratch wound assay. Adapted from Ref. 48.
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Pharmacology of oleoyl derivative of MP-LPA. Adapted from Ref. 51.
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