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Abstract

Lysophosphatidic acid receptor 1 (LPA1) is one of six G protein-coupled receptors (GPCRs) in
the LPA receptor family (LPAi-¢) and is activated by lysophosphatidic acid (LPA). LPA; is
involved in a wide range of cellular activities, including the regulation of cell proliferation,
migration, invasion, and apoptosis. Numerous studies have reported its implication in the
initiation, progression, and metastasis of breast cancer. Bioinformatic analysis has also revealed
the role of LPA; in breast cancer. However, the current repertoire of LPA; ligands targeting
cancer remains highly limited, and only one LPA, radioligand for positron emission tomography
(PET) imaging of pulmonary fibrosis has been reported so far. Therefore, the objective of this
study is to develop novel LPA; antagonists and LPA radioligands for breast cancer therapeutics

and diagnosis.

Chapter 1 provides an overview of the current development status of ligands targeting LPA -¢.
Chapter 2 presents the detailed synthesis and biological evaluation of carbamate-derived and
urea-derived ligands in three parts. In part 1, the first series of carbamate-derived LPA;
antagonists were synthesized and assessed. Among these compounds, 1-(4'-(5-(((1-(3-
fluorophenyl)ethoxy)carbonyl)amino)-4-methyl-1H-1,2,3-triazol-1-yl)-[ 1,1'-biphenyl]-4-

yl)cyclopropane-1-carboxylic acid exhibited the highest potency and selectivity, effectively
inhibiting cell survival, migration, and invasion induced by LPA in the breast cancer cell line
MDA-MB-231. In part 2, the second series of LPA; antagonists, derived from urea, were
synthesized and evaluated. However, this series demonstrated overall lower activity compared to
the first series of compounds. Lastly, in part 3 of this chapter, one of the most potent and
selective LPA| antagonists, 1-(4'-(5-((((3-ethylbenzyl)oxy)carbonyl)amino)-4-methyl-1H-1,2,3-
triazol-1-yl)-[ 1,1'-biphenyl]-4-yl)cyclopropane-1-carboxylic acid, was chosen for radiolabeling
in order to be used as a radiotracer for PET imaging, facilitating the diagnosis of breast cancer.

The radiosynthesis and evaluation of this compound are discussed in detail in this section.

The field of medicinal chemistry has entered into the 'big data era' due to the emergence of large-
scale and high-dimensional data. Traditional machine learning and deep learning, as subsets of
artificial intelligence (AI), provide a versatile framework that enables the identification of
intricate patterns from complex datasets, surpassing the limitations of traditional methods in drug

discovery. Motivated by the rapid emergence of Al in medicinal chemistry, the objective was to



apply these cutting-edge techniques to drug discovery, as discussed in chapter 3. In part 1,
several machine learning models were constructed and trained using a diverse dataset consisting
of peptides and small molecules, with the goal of predicting small molecule binding. The models
developed in the study exhibited high accuracy and precision in their predictions, making them
valuable for guiding drug design. In part 2, the exploration of Al was expanded to the field of
deep learning. A local augmentation mechanism was incorporated into graph neural networks,
resulting in the construction of local augmented graph convolution networks and local
augmented graph attention networks. These neural network models were employed to predict the
ligand type of GPCRs. The models achieved state-of-the-art performance and demonstrated
accurate prediction capabilities. All the models developed in this chapter hold potential for

guiding drug design in their respective fields.
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Chapter 1

The development of modulators for lysophosphatidic

acid receptors: a comprehensive review



The development of modulators for lysophosphatidic acid receptors:

a comprehensive review

Abstract:

Lysophosphatidic acids (LPAs) are bioactive phospholipids implicated in a wide range of
cellular activities that regulate a diverse array of biological functions. They recognize two types
of G protein-coupled receptors: LPA;; receptors and LPAs¢ receptors that belong to the
endothelial differentiation gene (EDG) family and non-EDG family, respectively. In recent years,
the LPA signaling pathway has captured an increasing amount of attention because of its
involvement in various diseases, such as idiopathic pulmonary fibrosis, cancers, cardiovascular
diseases and neuropathic pain, making it a promising target for drug development. While no
drugs targeting LPA receptors have been approved by the FDA thus far, at least three antagonists
have entered phase II clinical trials for idiopathic pulmonary fibrosis (BMS-986020 and BMS-
986278) and systemic sclerosis (SAR100842), and one radioligand (BMT-136088/'*F-BMS-
986327) has entered phase I clinical trials for positron emission tomography (PET) imaging of
idiopathic pulmonary fibrosis. This article provides an extensive review on the current status of
ligand development targeting LPA receptors to modulate LPA signaling and their therapeutic

potential in various diseases.
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1. Introduction

Lysophosphatidic acid (LPA) is a bioactive phospholipid, consisting of a phosphate headgroup
and a glycerol backbone with a single saturated or unsaturated fatty acid chain.! In serum and
plasma, LPA was detected in various forms, such as l-acyl- and 2-acyl-LPA, but when
discussing LPA in the context of a signaling molecule, the term LPA usually refers to 1-acyl-2-
hydroxy-sn-glycero-3-phosphate.?® The hydrocarbon chain length and degree of saturation vary
greatly and are dependent on the precursor phospholipid. The most abundant forms of LPA in
human plasma are as follows: 16:0 LPA (1-palmitoyl-2-hydroxy-sn-glycero-3-phosphate) with
16 carbon atoms and 0 double bonds, 18:2 LPA (1-linoleoyl-2-hydroxy-sn-glycero-3-phosphate)
with 18 carbon atoms and 2 double bonds, and 18:1 LPA (1-oleoyl-2-hydroxy-sn-glycero-3-
phosphate) with 18 carbon atoms and 1 double bond.* LPA is produced under physiological and
pathophysiological conditions in both cells and extracellular fluids. It mediates multiple cell
responses and activities, including cell proliferation, migration, invasion,’”’ cytokine

? reactive oxygen species (ROS) generation,!” and macrophage formation.!!

production,’
Therefore, dysregulation of LPA is linked to certain kinds of diseases, including cancer,'?
atherosclerosis,” '3 fibrosis,'* and immune system disfunction.!>"!¢ So far, LPA has been detected
in many human fluids, including plasma,'” serum, cerebrospinal fluid,'® saliva, gingival

crevicular fluid,'” and pleural effusions.?’

LPA can be produced from membrane phospholipids, including phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylserine (PS) through at least two enzymatic
pathways.> 2! In plasma and serum, LPA is mainly generated by a lysophospholipase D
(lysoPLD) named autotaxin (ATX). Plasma levels of LPA in ATX heterozygous mice have been
shown to decrease by 50% compared with wild type controls.?>>* In this pathway (Fig 1.1A),
phospholipids are firstly hydrolyzed into lysophospholipids, including lysophosphatidylcholine
(LPC), lysophosphatidylethanolamine (LPE), and lysophosphatidylserine (LPS), by
phospholipase A enzymes (PLA: and PLA;), followed by the cleavage of these
lysophospholipids by ATX to produce LPA. Aside from ATX, LPA in serum and plasma is also
produced from lecithin: cholesterol acyltransferase (LCAT). After binding to a lipoprotein,
LCAT cleaves the sn-2 fatty acid chain of PC to produce 1-acyl-LPC, and then 1-acyl-LPC is
converted into 1-acyl-LPA by ATX.**% In platelets and some malignant cells, LPA is mainly



produced from phosphatidic acid (PA). In this pathway (Fig 1.1B), phospholipids are converted
into PA by phospholipase D (PLD), and PA is subsequently deacylated by PLA; and PLA; to
produce LPA.

In circulation, LPA has a half-life of around 0.5-3 minutes, depending on the LPA species.?®?’
The turnover of LPA is regulated by the enzymes that are involved in LPA production and
degradation. Three pathways mediate the degradation of LPA.?® In the first pathway, LPA is
dephosphorylated to monoacylglycerol (MAG) through lipid phosphate phosphatases (LPPs). In
LPP null mice, the plasma level of LPA is significantly increased and the clearance rate of
intravenously injected LPA is four times slower compared with wild type.?® The second pathway
involves LPA acyltransferase, which catalyzes the transfer of the acyl group to LPA to produce

PA. In the third pathway, LPA is converted into glycerol-3-phosphate (G3P) by phospholipases.

PLA,
PLA,

1l O O
X=P< i
HO O/\/\OH XfP\O/\/\O)K/V\/\/\/\/\/\
(0] = HO
W OH
O
2-acyl-lysophospholipids (LPLs) 1-acyl-lysophospholipids (LPLs)
\ATX ATX‘
HO—P o
N 1]
o, O/Y\OH HO P\O/\/\O)k/\/\/\/\/\/\/\
(0] = HO
W OH
(e}
2-acyl-lysophosphatidic acid (LPA) 1-acyl-lysophosphatidic acid (LPA)



PLD
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Figure 1.1. Major pathways of LPA production. X: hydrophilic head group.

LPA functions mainly by acting on a family of G protein-coupled receptors (GPCRs) known as
the LPA receptors.'> These LPA receptors then activate Rho (via G243 protein), PLC (via Gy
protein), RAS-MAPK or PI3-Akt (via Gi, protein), and AC (via Gy protein)-mediated pathways
through several distinct class of heterotrimeric G proteins,* %3032 Jeading to a diverse array of

downstream signaling and cell activities (Fig 1.2).

In mammals, six LPA receptors (LPA1.s) have been discovered to date (Fig 1.2), and they are
divided into two LPA receptor families according to phylogeny: the endothelial differentiation
gene (EDQG) family and the non-EDG family. All of these receptors are widely distributed in
diverse human tissues. The EDG family, the LPA 1.3 receptors, share 45-56% similarity in amino
acid sequence with each other, while the LPA4.¢ receptors form the non-EDG family and share

35-55% similarity in amino acid sequence.™
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Figure 1.2. LPA downstream signaling.

As the largest family of cell transmembrane molecules, GPCRs are widely distributed in various
cell types and play important roles in the transduction of a wide range of cell signals. Because of
their significant roles in cell signaling, they have gained special interest for drug discovery.
Currently, approximately 27% of marketed drugs are GPCR agonists or antagonists.** LPA
receptor-mediated signaling cascades are important pathways involved in many processes,
therefore drug discovery based on LPA is an attractive platform for researchers to explore.
Because of the heterogeneity of LPA receptor subtypes, tissue distribution and expression
profiles, blocking LPA production globally by inhibiting ATX can lead to a myriad of

undesirable side effects. Hence, LPA-based drug development comes down to the discovery of



novel, potent LPA ligands targeting a specific receptor subtype without negating the
physiological roles of other subtypes.

In recent years, there have been numerous studies on the synthesis and biological evaluation of
agonists and antagonists that target LPA signaling, with variable efficacy and selectivity. The
initial studies on ligands targeting LPA receptors were LPA-like compounds with a phosphate
moiety and a long fatty acid chain. Based on the structure of 18:1 LPA, several aspects of this
endogenous ligand have been modified in structure-activity relationship studies to identify new
drugs. These include modifications to the fatty acid chain length and its saturation, conversion of
the phosphate group to isosteres, and substitution at the sn-2 position.>>3¢® However, these
compounds demonstrate undesirable bioavailability due to their hydrophobic nature. The first
non-lipid LPA; ligands, isoxazole and thiazole derivatives, were reported in 2001,%” followed by
the development of the isoxazole-derived LPA receptor antagonist Kil6425. The phenylethoxy
carbamoyl moiety of Kil6425 inspired many other LPA ligands discovery with different five
membered rings to achieve subtype activity and selectivity.*®*’ Among ligands targeting LPA
receptors, LPA1- and LPA/LPAs-targeting ligands have been the most studied. The aim of this
chapter is to review recent developments in drug discovery that target LPA receptors, as well as

LPA ligands under clinical trials for diagnostic and therapeutic purposes.

2. LPA; ligands

2.1 Agonists

N-acyl ethanolamide phosphoric acid (NAEPA) (Fig 1.3A) was the first agonist based on LPA.*!
It was synthesized by replacing the glycerol on LPA with ethanolamine and characterized as an
LPA mimetic with an ECso of around 40 nM in human platelet aggregation. Later, this
compound was confirmed as an LPA/LPA> dual agonist which is equipotent with 18:1 LPA at

inducing calcium release in vitro.>

By using NAEPA as a lead compound, several modifications were made to achieve higher
activity and selectivity. Substituting the a-carbon of its phosphate head group with an electron-
withdrawing a-keto group (1) (Fig 1.3A) resulted in a selective LPA; agonist (ECso = 221 nM)
with minimal LPA, activity and no LPAj; activity from GTP[y*S] assays (data not available for
LPA4. receptors).*” Furthermore, isosteric substitution of the phosphate with thiophosphate (2)
(Fig 1.3A) resulted in a highly selective compound with LPA agonistic activity (ECso = 318 nM)



without any LPA,.3 agonism (Table 1.1).%?

LPA . agonists in inducing cell migration.*?

However, a-monofluoromethylene- (3) (Fig 1.3A)

and a-difluoromethylene- (4) (Fig 1.3A) substituted alkyl LPA analogues were found to be weak
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Figure 1.3. Lipid-based (A and B) and non-lipid (C) LPA agonists. NE: No effect was observed.



Based on NAEPA, substitutions were made at the second carbon to obtain a series of 2-
substituted NAEPA analogues (5, 6, 7) (Fig 1.3A). It was found that the agonistic activity
decreased as the substituent bulk increased. Smaller substituents showed greater potency, with
the methyl (5), methylene hydroxy (6), and methylene amino substituents (7) being more potent
at the LPA, receptor than 18:1 LPA from the GTP[y**S] binding assay. Strong stereoselectivity

was also observed in this series of ligands, with the (R)-configured ligands being more potent.**

Based on the structure of 18:1 LPA, Xu ef al. replaced the ester by exchanging this functional
group with an ether, resulting in (R) and (S) enantiomeric alkyl LPA analogues (8) (Fig 1.3A).
These two alkyl LPA analogues were equipotent at inducing cell migration as 18:1 LPA in three
cancer cell lines, and were confirmed as non-enantioselective, non-selective agonists for the

LPA -3 receptors.*?

Modifications were also made at the sn-2 position of LPA to obtain compounds in racemic or
optically pure forms. Gajewiak et al. introduced nucleophilic aminooxy (AO) functionality at the
sn-2 position in a stereo-controlled way to produce enantiomerically pure sn-2 AO-LPA
analogues with a palmitoyl (9) or oleoyl (10) acyl chain (Fig 1.3A). These AO-LPA analogues
showed LPA; (ECso > 4630 nM), LPA> (ECso =382-2450 nM), and LPA4 (ECso ~1880 nM)
receptor agonistic activity, with the LPA» receptor activity being the most potent. Antagonistic
activity was observed towards the LPA3 receptor (ICso = 56-2670 nM). The oleoyl ligand was the
most potent LPA> agonist among this series of compounds with an ECso of 382 nM for LPA>
(LPA; ECso > 7440 nM, LPA4 ECsp = 1880 nM).*%

The length and structure of the alkyl chain of LPA also influence the activity. In an attempt to
discover novel compounds with specific LPA; agonistic activity, Gonzalez-Gil ef al. started with
the structure of 18:1 LPA and made comprehensive modifications on the alkyl chain to obtain a
series of compounds. The activities of these compounds were evaluated by the calcium
mobilization assay. It was found that small changes in the number of methylene units exerted
significant influence on ECso values. Cutting two methylene units resulted in a twofold
improvement in LPA agonistic activity, while adding two more methylene units resulted in a
completely inactive compound (Fig 1.3B).*® By replacing the hydrophobic chain with a phenyl
moiety, the most potent and selective LPA; agonist to date was identified (Table 1.1), with
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enantioselectivity towards the (S) configuration (11) (Fig 1.3A). This compound had an ECso of
0.24 uM for the LPA| receptor without any activity on LPA.¢.%°

In 2020, two non-lipid benzofuran ethanolamine derivatives were reported as LPA;.3 agonists
which were initially characterized as orphan receptor smooth muscle contracting agents. These
agonists, CpX and CpY (Fig 1.3C), showed lower potency in the calcium assay compared with
18:1 LPA, but higher in vivo efficacy because of better plasma stability. In a rat model, these
two LPA agonists could induce intraurethral pressure, which was dose-dependently antagonized

by the LPA antagonist Ki16425 (Fig 1.5).%

2.2 Antagonists

In some cases, agonists and antagonists for the same target can share similar structures; a good
agonist can be used as an inspiration for antagonist design. The LPA/LPA3; dual antagonist
VPC12249 (Fig 1.4) was discovered by changing substituents at the second carbon of the LPA;
agonist NAEPA. In this series of NAEPA analogues, compounds with small 2-substituted
moieties were potent LPA agonists. However, this agonism was changed into antagonism with
the introduction of a bulky group containing two aromatic rings (Fig 1.4). This benzyl-4-
oxybenzyl-substituted NAEPA analogue, VPC12249, was found to be devoid of any agonist
activity. It turned out to be an LPA/LPA3 antagonist with an enantiomeric preference for the (.5)
configuration, having K; values of 137 nM and 428 nM for the LPA; and LPA3 receptors,

respectively.**

Based on the structure of VPC12249, the acyl chain and linker regions were modified and a
series of VPC12249 analogues were synthesized. In this new series of VPC12249 analogues, a
2-pyridyl derivative (12) (Fig 1.4) was found to be a potent dual LPA/LPAj; antagonist, with a
K value of 18 nM at LPA, in the GTPyS binding assay.*3
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Figure 1.4. Lipid-based LPA antagonists.

Cyclic phosphatidic acid (CPA) is a naturally occurring analogue of LPA in which an
oxaphospholane is formed by the sn-2 hydroxy group and the sn-3 phosphate group (Fig 1.4).
Based on the structure of CPA, Xu et al replaced the phosphate group with its bioactive
mimetics and found that phosphonothioate (13, 14) (LPA; ICso = 799-941 nM, LPA3 ICso =
1270-2340 nM) and monofluoromethylene phosphonate (15) (LPA; ICso = 106 nM, LPA3 ICso =
7720 nM) analogues were LPA1/LPA3 dual antagonists with no activity on the LPA» receptor.
However, the antagonism was lost and weak agonism was observed with the introduction of a

second fluorine atom (16) (Fig 1.4).%

The non-lipid low-molecular-weight compound Kil6425 (Fig 1.5) was discovered by screening
from a library established by the Kirin Brewery Co. Ltd, and its pharmacological properties were
tested in vitro.>® Kil6425 showed effective antagonism against the LPA; and LPAj receptors in
several cell types in both the calcium assay and the GTPyS binding assay. As well, this
compound markedly inhibited 18:1 LPA-induced cell proliferation and migration in 3T3
fibroblasts.>® By using Kil6425 as a lead compound, Yamamoto et al. converted the 3-methyl-
isoxazole ring of Kil6425 to 3- and S-unsubstituted-isoxazolyl derivatives and a
chlorocyclopentene isoxazole derivative (17) (Fig 1.5), resulting in 5 times higher LPA;
antagonistic activity (ICso = 0.13 uM).>! Later, enantiomers of Kil16425 were synthesized using a
1,3-dipolar cycloaddition strategy. (R)-Kil6425 showed greater potency and inhibitory activity
against cell migration than racemic and (S)-Kil16425.%
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Figure 1.5. Kil16425-derived non-lipid LPA; antagonists.

Based on the structure of (R)-Ki16425, Komachi et al. prepared a methyl ester derivative of
Ki16425 to improve its oral activity. This ester product, Ki16198 (Fig 1.5), showed similar
potency and selectivity as Kil6425. Kil6198 prevented pancreatic cancer cell migration and
invasion induced by 18:1 LPA in vitro and, when orally administered in a mouse model of

pancreatic cancer, ameliorated metastasis.>

Based on the structure of Kil6425, Amira Pharmaceuticals designed and synthesized a series of
biphenyl-substituted isoxazole analogues. Among them, AM966, AM09S, and BMS-986020
(previously AM152/BMS-986202) (Fig 1.5) stand out as promising LPA ligands. AM966 is an
orally active LPA; antagonist with significantly greater potency and selectivity than Kil6425.
The ICso of AM966 is 17 nM at the LPA| receptor as determined by the calcium assay in CHO
cells, with negligible activity on the LPA>, LPA3, LPA4 and LPAs5 receptors (ICso = 1700 nM,
1600 nM, 7700 nM, and 8600 nM, respectively). In human melanoma cells, lung fibroblasts, and
CHO cells, AM966 inhibited chemotaxis induced by 18:1 LPA. Administration of AM966 in a
lung-injured mouse model ameliorated markers of injury, vascular leakage, fibrosis, and

inflammation.>*
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AMO95 has a similar structure compared to AM966, but has an unsubstituted phenyl group
rather than a chlorine-substituted phenyl group (Fig 1.5). This gives a similar potency as AM966
but dramatically higher selectivity towards LPA1 (LPA1 ICso = 25 nM, LPA2.5 ICso > 8000 nM)
(Table 1.1). In a mouse model of scleroderma, pharmacological inhibition of LPA; with AM095
attenuated dermal fibrosis.>> Furthermore, AM095 also inhibited histamine release stimulated by
18:1 LPA in a mouse model and attenuated lung injury by reducing lung collagen, vascular
leakage, and inflammation. The antifibrotic properties of AM095 were further observed in the
kidney of a mouse model of unilateral ureteral obstruction®® and diabetic nephropathy.>” In recent
years, the therapeutic potential of AM095 was also shown in mouse models of cerebral ischemia
by antagonizing both LPA-induced brain damage and proinflammatory responses through the

LPA, receptor.*

In 2012, Qian et al. discovered the triazole-derived carboxylic acid compound R0O6842262 (Fig
1.5),%%-% which had great potency and high LPA; selectivity (LPA; ICso = 25 nM, LPA; ICsy >
30 uM) (Table 1.1) in the calcium release assay. This compound decreased 18:1 LPA-induced
proliferation and contraction in human lung fibroblasts. Oral dosing of this compound in
experimental mice showed attenuated plasma histamine release induced by LPA in a dose-
dependent manner,*® showing great potential for the treatment of lung fibrosis. Two years later,
the same group reported a novel chemical class of non-carboxylic acid 5-amino-4-cyanopyrazole
analogues with antagonism against the LPA| receptor. Among this group of compounds, three
ligands (18, 19, 20) (Fig 1.6) showed high potency and selectivity towards the LPA receptor by
the FLIPR assay (LPA ICso = 74-111 nM, LPA3 ICso > 30 uM) (data not available for LPA> 4.6
receptors), and these novel compounds showed an inhibitory effect towards lung fibroblast

proliferation and contraction in response to 18:1 LPA.%!

Over the past two decades, it has been discovered that some GPCR ligands can preferentially
target specific pathways while blocking other pathways of a receptor. These compounds turned
out to be ‘biased’ ligands that can achieve functional selectivity. The development of biased
ligands is now an active area of research, as selectively activating or blocking specific signaling

pathways results in increased drug efficacy with reduced side effects.®

In order to achieve functional selectivity, Shimizu et al. used high-throughput screening to

discover five LPA| negative allosteric modulators with biased antagonism that preferentially

14



inhibit LPA-induced activation of G, intracellular downstream signals. These five ligands
showed comparable inhibitory activity in the calcium mobilization assay with Kil6425, with
compound LQ4 (Fig 1.6) being the most potent (ICso = 17 nM). None of these ligands showed
any activity in cAMP accumulation or B-arrestin recruitment assays,®® which suggests that these

ligands induced biased signaling.
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Figure 1.6. LPA| antagonists with novel chemical scaffolds.

By optimizing a hit compound from high-throughput screening, the benzamide derivative with
high antagonistic activity against LPA; (LPA1 ICso = 160 nM, LPA> ICso = 8600 nM, LPA3 ICso >
10000 nM), ONO-7300243 (Fig 1.7) (Table 1.1), was discovered.®* This compound showed
strong therapeutic effects in vivo in a rat intraurethral pressure model induced by LPA dose-
dependently, highlighting the potential for the treatment of benign prostatic hyperplasia.
Furthermore, in the lung cancer cell line A549, treatment with ONO-7300243 completely
inhibited cell migration, proliferation and colony formation induced by 18:1 LPA.% By using
ONO-7300243 as a lead compound, the same research group converted the amide to a secondary
alcohol group by scaffold hopping and synthesized a series of compounds to attain better in vivo
efficacy. The best LPA; antagonist was obtained by incorporating an indane and pyrrole
structure into the benzene rings. This ligand, named ONO-0300302 (Fig 1.7), showed the best
reduction of intraurethral pressure in rat and dog models of prostatic hyperplasia, with an in vitro

efficacy of 0.16 nM as shown by the calcium assay after 24h incubation.®
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Figure 1.7. ONO-7300243-derived LPA antagonists.

ASP6432 is an ONO-7300243 analogue with a sulfamoyl thiazole moiety developed by Astellas
Pharma Inc (Fig 1.7). ASP6432 has an ICso of 11 nM in human LPA; and 30 nM in rat LPA;
with high selectivity for the LPA; receptor (LPA> I1Cso > 10000 nM, LPA3 ICso > 10000 nM,
LPA4 ICso = 114 nM, and LPAs ICso > 30000 nM; LPAs not tested). In a rat model,
administration of ASP6432 inhibited LPA-induced urethral and prostate strips contractions and
intraurethral pressure elevation. In cultured human prostate stromal cells, ASP6432 suppressed
18:1 LPA-induced cell proliferation.®” Furthermore, ASP6432 decreased urethral perfusion
pressure and improved voiding dysfunction in a rat model, showing potential for the treatment of

prostate hyperplasia and other lower urinary tract diseases.®®



In 2015, three crystal structures of human LPA; bound with antagonists (PDB: 4734, 4735,
4736) were reported.” Three antagonists, ONO-3080573, ONO-9780307, and ONO-9910539
(Fig 1.7) were designed to be co-crystalized with the LPA receptor. ONO-9780307 was selected
as the initial structure based on the stability assay data in order to stabilize the LPA receptor in a
single conformation. Based on ONO-9780307, ONO-9910539 and ONO-3080573 were
designed with ideal stability and lipophilicity to improve interactions with the LPA; receptor and
reduce torsional strain. These three antagonists, ONO-3080573, ONO-9780307, and ONO-
9910539, have respective ICso values of 11 nM, 27 nM, and 22 nM for the LPA; receptor by the

calcium assay.

3. LPA; ligands

3.1 Agonists

Based on computational models, Virag et al. selected fatty alcohol phosphate (FAP) as the lead
scaffold to synthesize a series of compounds with a phosphate headgroup attached to a
hydrocarbon chain with varying lengths, leading to the discovery of the first LPA»-selective
agonist with weak antagonistic activities for the LPA; and LPA3 receptors, the dodecyl fatty
alcohol phosphate compound 21 (ECso = 700 nM) (Fig 1.8).”° This finding suggested that FAP,
which does not contain a glycerol backbone, represents the minimal pharmacophore that can
recognize LPA receptors. Based on the structure of these FAP-LPA analogues, the phosphate
was replaced by thiophosphate and an oleoyl-thiophosphate compound was produced (22) (Fig
1.8) that turned out to be a full LPA; agonist (ECso = 244 nM) with partial agonistic activity
towards LPA; and LPA;."!
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Figure 1.8. LPA; agonists.

Based on the structures of PA and LPA, a methylene group was inserted between the glycerol
and the phosphate head to develop bis-acylated PA analogues (23, 24) (Fig 1.8) and sn-2-OH
alkoxymethylene phosphonate LPA analogues (25, 26) (Fig 1.8). These four ligands were tested
in HT-29 colon cancer cell lines, in which the LPA, receptor is exclusively expressed. In HT-29
cells, it was found that these four ligands were more potent than 18:1 LPA in activating
downstream kinase of LPA signaling pathways, suggesting that these compounds are LPA>

agonists.””

In search of non-lipid LPA> agonists, structure-based virtual screening was performed, and four
non-lipid compounds stood out as LPA> agonists. Among these LPA> agonists, GRI977143 (Fig
1.8), which has a specific agonistic activity towards LPA> (ECso = 3.3 pM), was selected for
further evaluation. In several cell types, GRI977143 could mimic the effect of LPA on cell
growth and cell invasion. Furthermore, GRI977143 played a pro-survival role in several cell
types through the LPA> receptor.” The therapeutic potential of GRI977143 was also proved in
an autoimmune encephalomyelitis disease model, which could counterbalance the loss of

endogenous LPA.™
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By using GRI977143 as a scaffold, a series of sulfamoyl benzoic acid analogues were developed
by using an LPA; homology model, and these compounds were tested for LPAi.s activity. In
doing this, the first non-lipid agonist of LPA, with picomolar activity was discovered (27) (Fig
1.8); furthermore, this ligand was able to specifically target LPA> without any activity on other
LPA receptor subtypes (LPA2 ECso = 5.1 pM, LPA| ECso > 10000 nM, LPA3 ECso > 10000 nM,
LPA4 ECso > 10000 nM, and LPAs ECso > 10000 nM) (Table 1.1).”> DBIBB (2-[[[4-(1,3-dioxo-
1H-benz[de]isoquinolin-2(3H)-yl)butyl]amino]sulfonyl]-benzoic acid) (Fig 1.8) is another
compound in this series with an ECso of 1.42 uM towards the LPA, receptor and no effect on
other LPA receptor subtypes (data not available for LPA¢ receptor). In a mouse model of asthma,
administration of DBIBB reduced respiratory inflammation and cytokines.’® Potential for the
therapeutic use of DBIBB in treating acute radiation syndrome caused by y-radiation was also

observed.”’

3.2 Antagonists

The first reported LPA, antagonist was a tetradecyl phosphonate FAP analogue (28) (Fig 1.9)
with an ICso of 5.5 uM for LPA; (LPA1 ICso > 30 uM, LPA3 ICso = 3.1 uM), and this compound
reduced LPA-induced responses in RH7777 cells.”!

The first non-lipid LPA» antagonist with high potency and selectivity was discovered by high-
throughput screening. The HTS hit compound was modified to afford two different chemotypes
of compounds that are potent LPA» antagonists with high selectivity: a thienopyrimidine tolyl
derivative (29) (Fig 1.9) (LPA2 ICso = 0.26 uM, LPA; ICso > 50 uM, LPA3 ICso > 50 uM) (Table
1.1), and a thienopyrimidine sulfonyl derivative (30) (Fig 1.9) (LPA2 ICso = 0.017 uM, LPA;
ICso > 50 uM, LPA; ICso > 50 pM) (Table 1.1). The sulfonyl derivative was further tested in
vitro and showed an inhibitory effect on ERK phosphorylation and cell proliferation induced by
LPA in the HCT-116 colon cancer cell line.”
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Figure 1.9. LPA; antagonists.

The most potent LPA, antagonist, H2L.5186303 (Fig 1.9), was discovered by structure-based
virtual screening using a three-point pharmacophore. H2L5186303 showed the highest potency
and selectivity for LPA> (LPA> ICso = 9 nM, LPA; ICso = 27354 nM, LPA3 ICso = 1230 nM)
(Table 1.1) among over 250 000 compounds screened.”” In a mouse model of allergic
inflammation, treatment with H2L.5186303 reduced airway hyperresponsiveness by inhibiting

inflammation and decreasing the production of cytokines induced by LPA %

4. LPA; ligands

4.1 Agonists

Initial structural-relationship studies on LPA ligands suggested that the phosphate headgroup on
LPA is critical for LPA function.®! Inspired by this, OMPT (1-oleoyl-2-O-methyl-rac-
glycerophosphothionate) was discovered by converting the LPA 18:1 hydroxy and phosphate
groups to O-methoxy and thiophosphate groups (Fig 1.10), respectively. Indeed, OMPT
conferred great potency and selectivity towards LPA3* OMPT induced downstream ERK
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phosphorylation equipotently as 18:1 LPA with a stronger proliferative effect. It induced these
responses through the LPA3 receptor specifically while the LPA; and LPA; receptors were not
involved, suggesting high selectivity towards the LPA3 receptor.®? Later, enantiomerically pure
OMPT was synthesized. It was reported that the unnatural configuration (25)-OMPT was 5- to
20-fold more potent than (2R)-OMPT at activating the LPA3 receptor and its downstream
signaling due to less steric interference compared with (2R)-OMPT.®* In OVCAR3 ovarian
cancer cells, (25)-OMPT had an ECsy value of 9.0 nM as ascertained by calcium release, while

the ECso of (2R)-OMPT was 46.5 nM.
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Figure 1.10. LPA3 agonists.

Based on the structure of OMPT, the sn-1 O-acyl group was converted to an O-alkyl ether, and a
series of enantiospecific alkyl phosphorothioate LPA analogues was obtained. These alkyl
OMPT analogues were also found to be LPA3 agonists, with (R)-alkyl OMPT (31) (Fig 1.10)
being the most potent (ECso of 62 nM in RH7777 cells). This LPA3 agonist stimulated cell
growth dose-dependently.®*

Further replacement of the sn-2 methoxy group on OMPT by a methoxyethane group was
carried out by Jiang ef al. The resulting sn-2 radyl-OMPT analogues showed similar agonism
towards the LPA .6 receptors as their parent compound OMPT. An 18:1 acyl phosphorothioate
analogue (32) (Fig 1.10) proved to be the most potent LPA3 agonist, with an ECso of 0.21 nM by
the TGFo shedding assay.®®

Based on the structure of sn-1-/sn-2-acyl-LPA, Xu et al. made isosteric substitutions on the
phosphate group with fluorine-containing groups and consequently found a potent acyl a-
fluoromethylene phosphate analogue (33) (Fig 1.10) which displayed an ECso of 0.5 nM for the

LPA3 receptor. This compound was more potent than 18:1 LPA at inducing calcium
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mobilization and could activate downstream MAPK/AKT signaling more effectively.®®%’

However, changing the acyl chain of the fluoromethylene phosphate analogues to an alkyl chain

resulted in the loss of LPA agonistic activity.®’

Darmstoff analogues are LPA-like ligands with dioxolane incorporated into the hydrocarbon
chain. Inspired by the structure of Darmstoff analogues, the phosphate group was replaced by
thiophosphate and a series of optically pure Darmstoff analogues were developed. These pure
stereoisomers with a thiophosphate group (34) (Fig 1.10) were pan-agonists of LPA .3, with the
greatest potency for the LPA3 receptor (LPA; ECso = 127-265 nM). However, their
corresponding stereoisomers with a phosphate group turned out to be LPAj3 antagonists (LPA3
ICso = 136-484 nM). Introduction of an aromatic ring in the hydrocarbon chain (35) (Fig 1.10)
resulted in a selective LPA3 agonist (ECso = 692 nM) without any activity on the LPA; and LPA>
receptors (Table 1.1).58

4.2 Antagonists

Diacylglycerol pyrophosphate (DGPP) and dioctyl-phosphatidic acid (PA) are naturally
occurring phospholipids with an ionic phosphate group and a hydrophobic chain identified in
microorganisms. It was reported that short chain 8:0 DGPP and 8:0 PA (Fig 1.11) are
competitive, selective LPA3 receptor antagonists with a weak antagonistic effect on LPA; and no
activity at LPA,. They inhibited LPA-induced responses in several cell types, with an ICso value
of 250 nM for LPA3 and an ICso value of 3 uM for LPA;.%° 8:0 DGPP and 8:0 PA are also
involved in atherosclerotic processes by inhibiting platelet activities induced by acyl- and alkyl-
LPA.*® Based on the structure of 8:0 PA, enantiomerically pure PA analogues with
thiophosphate replacing the phosphate headgroup were synthesized, and these analogues
antagonized the LPA/LPA;3 receptors with enantioselectivity. The (2R)-dioctanoyl PA analogue
(36) (Fig 1.11) was the most potent LPA3 antagonist with an ICso value of 11 nM, while its (25)-
isomer was found to be an LPA3 agonist with an ECso value of 115 nM. The (2R)-dioctyl PA
analogue (37) (Fig 1.11) was the most potent LPA3 agonist with an ECso value of 3 nM, while its
(2S)-isomer was found to be an LPA/LPA3 dual antagonist.’!
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Figure 1.11. LPA; antagonists.

The first metabolically stable LPA3-selective antagonist was developed in 2004. In order to
achieve better stability, nonhydrolyzable phosphate head group mimetics were incorporated into
the LPAI/LPA; dual antagonist VPC12249, and a novel series of compounds with 2-pyridyl
substituents was developed. Among them, a compound with a methoxy dimethylpyridine
substituent (38) (Fig 1.11) was found to be a highly subtype-selective LPA3 antagonist (ICso =
150 nM) without any activity on the LPA; receptor (Table 1.1). Another compound with a
trifluoroethoxy substituent, VPC51098 (Fig 1.11), was found to be a potent LPA/LPA3 dual
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antagonist (LPA| ICso = 84 nM, LPA3 ICso = 48 nM) with greater potency at the LPAj receptor
than VPC12249.°*

Based on the structure of VPC51098, the labile phosphate head group was converted to vinyl
phosphonate to achieve better stability. This phosphatase-resistant compound VPC51299 (Fig
1.11) was validated as an LPA1/LPA3 dual antagonist with an indistinguishable potency from
Ki16425. 1t blocked LPA agonist-induced calcium release dose-dependently with a half-life of

90 minutes in rats by intravenous dosing.”?

In order to identify novel non-lipid LPA3 antagonists with subtype selectivity, a pharmacophore
was built for virtual screening. Two compounds had stood out as promising LPAj; antagonists in
this study, NSC47091 and NSC161613 (Fig 1.11). NSC47091 was the first reported LPA>/LPA;
d