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GTP...ovvvvviiennn. Guanosine 5’ triphosphate
HEK.....cccevvnenenn, Human embryonic kidney
HRP.....covvvinin, Horse radish peroxidase
ICA630............... Igepal CA630
| Interleukin
| | o TR Inositol-1,4,5-triphosphate
L J\\) T c-Jun NH,-terminal kinase
LPA...ciiiiiiiinnnn Lysophosphatidic acid
LPAAT............... Lysophosphatidic acid acyl transferase
LPAP....cccvvnnnn..n. Lysophosphatidic acid-specific phosphatase
LPC.oviiiiiiiiiiinnnnn Lysophosphatidylcholine
LPP.eciiiiiiininnn Lipid Phosphate Phosphatase
MAPK......ccceeive Mitogen Activated Protein Kinase
MEK.....cccccvinnnns MAP kinase kinase
MEKK................ MAP kinase kinase kinase
MOG......oovvervnnen. 1-mono-oleoyl-rac-glycerol
NEM...ooovvvvvnnnnn. N-ethylmaleimide
o Phosphatidic acid
PAP.....cccvvvinnnnnnn, Phosphatidic acid phosphatase
PBS..iiiiiinnnn, Phosphate-buffered saline
PBSL...ccoeviiiiennnns PBS/Igepal CA630
PDGF..coevvvvvvnnnnnn. Platelet-derived growth factor
PCurrerieiiiiiinnes, Phosphatidylcholine
PDE......ovviiiiiann Phosphodiesterase
PE....ovviiiiiiiin, Phosphatidylethanlolamine
| o4 P Phosphatidylinositol
PIPy.cviieiiiiieinnnn Phosphatidylinositol-4,5-bisphosphate
| PKA...cevvvviveeneen cAMP-dependent protein kinase



Protein kinase C

Phospholipase A
Phospholipase A,
Phospholipase C

Phospholipase D

Phorbol 12-myristate 13-acetate
Protein phosphatase-1

Protein phosphatase-2A
Phosphatidylserine
Phosphatidylalcohols

Pertussis toxin

Ribonucleic acid

Sphingosine 1-phosphate
Sphingosine 1-phosphate phosphatase
Sodium dodecyl sulphate-polyacrylamide gel-electrophoresis
Sphingomyelin

Sphingosine

Sphingosine Kinase

Tris buffered saline/Tween-20
Tetramethylethylenediamine
Thin layer chromatography

Tracheal smooth muscle

Triton X-100
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ABSTRACT

Several 1soforms of LPP have now been identified and cloned but remain to be
purified. In the present study, a bacterial expression system was established and
hexa- and deca-histidine epitope tagged-LPP1 and LPPla expressed in E.coli. In

addition, a maltose binding protein (MBP) epitope tagged-LPP1a was expressed in E.
coli. Hexa- and deca-histidine LPP1 and LPPla, were partially purified using

immobilised affinity chromatography. MBP-LPPla was expressed to higher levels
than hexa- and deca-histidine LPP1 and LPPla in E. coli, most probably within

insoluble inclusion bodies. In all cases, recovery of LPP activity was low.

Membranes derived from HEK293 cells that stably over-express LPP1, LPP1a, LPP2
or LPP3 were used to demonstrate the differential hydrolysis of several molecular
species of PA, LPA(1g.), C8-C1P and S1P. Kinetic analysis using a multisubstrate
assay system revealed that the LPP isoforms do not follow typical Michaelis-Menten

kinetics towards most substrates under the assay conditions employed. The LPPs

appear to show differential kinetics depending on the complement of substrates

accessible to the enzymes.

Stable over-expression of LPP1, LPP1a, LPP2, but not LPP3, in HEK293 cells has
previously been shown to attenuate the activation of ERK-1/2 by G-protein coupled
receptors agonists such as S1P, LPA, PA and thrombin. The present study extended
these observations by showing that basal growth rates were unaffected and that levels
of mRNA transcript for the S1P,/EDG]1 receptor were reduced in the LPP stable cell
lines but that this did not correlate with attenuation of the S1P-stimulated ERK-1/2
response. In addition, transient overexpression of LPP1, LPP1la and LPP2, but not
LPP3 in HEK293 cells and GPASM cells also resulted in the attenuation of S1P-
induced ERK-1/2 activation. Furthermore, transient transfection of a plasmid
construct encoding the antisense sequence for LPP1 was also found to attenuate S1P-
induced ERK-1/2 activation whereas the PMA-stimulated response was unaffected.
Many questions remain to be fully answered in order to determine the physiological

and pathophysiological roles of the LPPs and the reason for the molecular diversity

of the enzyme family.
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CHAPTER 1

GENERAL INTRODUCTION




1. General Introduction

An essential requirement for the survival and development of all living organisms is
that of intercellular signalling. Central to intercellular signalling are many diverse
and intricate signalling pathways which, when malfunctioning, have long been

recognised to be the cause of disease (for reviews, see Levitzski 1996, Karin 1992).
The signalling pathways of cells utilise a great variety of different signalling
molecules ranging from chemical messengers, hormones, neurotransmitters and also
many lipid molecules. Furthermore, diverse interactions between the different
signalling pathways including co-operation, potentiation and synergism make these

pathways extremely dynamic and complex (see Nishizuka 1992 for review).

1.1. Lipids and Signal Transduction

The classical view of phospholipids was that they were biologically inert entities
which maintained the structure of cell membranes and provided permeability barriers
between the compartments within and between cells. However, the past 20 years has

seen a great change in our understanding of phospholipid function.

Glycerolipids and sphingolipids represent the two main classes of phospholipid in
eukaryotic cell membranes (Ohanian et al., 1998) and in addition to their structural
roles, serve to provide a rich reservoir of lipid mediators. The lipid mediators
produced serve functions ranging from cell surface receptor ligands (primary

messengers) and anchors for membrane associated proteins, to intracellular second

messenger molecules (Merrill 1989, Ghosh et al., 1997).

Phosphatidylinositol (PI), phosphatidylcholine (PC) and sphingomyelin (SM) are the
major phospholipids involved in signal transduction. The lipid mediators principally
produced following hydrolysis of PI and PC are diacylglycerol (DG) and
phosphatidic acid (PA) through the actions of phospholipases C and D (PLC, PLD)
respectively (Figure 1.1a, 1.1b). Furthermore, PLD catalysed hydrolysis of
phosphatidylethanolamine also leads to the production of PA (Figure 1.1b) [for




review, see Divecha & Irvine, 1995]. The hydrolysis of SM on the other hand occurs
through the actions of PLC-like enzymes known as sphingomyelinases and results in
the production of the lipid mediator ceramide (Figure 1.1c) [for reviews, see Perry &
Hannun, 1999, Levade & Jaffrezou, 1999]. However, PA, DG and ceramide can be

processed further to yield additional lipid signalling molecules (Figure 1.2). PA can
be dephosphorylated by the actions of phosphatidic acid phosphatase (PAP) or lipid

phosphate phosphatases (LPPs) to produce DG. Alternatively, PA can be hydrolysed
by phospholipases A; and A; (PLA;») to yield lysophosphatidic acid (LPA) [Figure
1.2a, 1.2b]. Furthermore, DG can be phosphorylated by diacylglycerol kinases
(DGKs) to produce PA whereas LPA can be re-acylated by lysophosphatidic acid
acyltransferase (LPAAT) to produce PA (Figure 1.2a, 1.2b). PA, DG and LPA are

therefore, interchangeable through the actions of several enzyme groups (for reviews,

see Ohanian et al., 1998, Divecha & Irvine, 1995).

In a similar manner, ceramide derived from the hydrolysis of SM can be further
hydrolysed by ceramidases to produce sphingosine (Sph). Furthermore, ceramide
can be phosphorylated by ceramide kinase resulting in the production of ceramide 1-
phosphate (C1P) [Kolesnick & Hemer, 1990]. Additionally, Sph can be
phosphorylated by sphingosine kinase (SphK) to produce sphingosine 1-phosphate
(S1P) which 1s also a potent lipid mediator (Figure 1.2c, 1.2d) [for reviews, see

Ohanian et al., 1998, Divecha & Irvine, 1995, Pyne & Pyne, 2000a]. Again, as was
described for PA, DG and LPA, Sph and S1P as well as ceramide and C1P are
interchangeable via the actions of a variety of enzymes. SI1P can be
dephosphorylated by the actions of sphingosine 1-phosphate phosphatase (S1PP) or
LPP to produce Sph and CIP can be dephosphorylated by ceramide 1-phosphate
phosphatase or LPP to produce ceramide (Figure 1.2¢, 1.2d) [for reviews, see

Ohanian et al., 1998, Pyne & Pyne, 2000a, 2000b].

The past ten years have witnessed a dramatic increase 1n interest in lipid signalling
molecules, the mechanisms whereby these lipids are metabolised, and the identity of

their molecular targets. Biologically active lipids are now known to exert a great




Figure 1.1: Diagram showing the major phospholipids involved in cell signalling
and the potential signalling molecules produced from these phospholipids.
phospholipase C (PLC), phospholipase D (PLD), sphingomyelin (SM),
phosphatidylinositol  (PI), phosphatidylinositol-4-phosphate (PIP),
phosphatidylinositol-4,5-bisphosphate (PIP,), phosphatidylinositol-3,4,5-
trisphosphate (PIP3), inositol-1,4,5-trisphosphate (IP3).

a) PI «<— PIP «—» PIP, «— PIP;*
PLC

IP,* DG *

PLC
b) PC —» DG* + phosphorylcholine

PLD
PA* + choline *- signalling molecules.
PLD |
PI —» PA* +inositol
PLD

PE ——» PA¥*+ ethanolamine

Sphingomyelinases

JSM ——— > Ceramide*
4—-—

SM synthase




Figure 1.2: Diagram showing other lipid signalling molecules and how they are
produced. phosphatidic acid phosphatase (PAP), lipid phosphate phosphatase (LPP),
diacylglycerol Kinase (DGK), phospholipase A; (PLA;), lysophosphatidic acid
acyltransferase (LPAAT), sphingosine 1-phosphate phosphatase (S1PP), ceramide 1-
phosphate phosphatase (C1PP), sphingosine kinase (SphK)

PAP, LPP

a) PA* ————» DG* *_ signalling molecules

DGK

PLAx
b) PA~ P — LPA*

LPAAT

Ceramidase SphK
C) ceramide* Sph*———-—-> S-1-P*
S1PP, LPP

Ceramide kinase




variety of profound cellular effects and have been shown to be involved in processes
ranging from cell growth, survival, and differentiation, to cell death and apoptosis.
Furthermore, several of the lipid mediators are produced or released by several cell

types 1n both health and disease. For example, LPA, S1P, and PA have been shown

to be released following activation of platelets and have been strongly implicated
with roles in the angiogenesis observed in normal injury and wound repair as well as
in disease states such as cancer (for review, see English et al., 2001). In addition,
LPA has been shown to be released from ovarian cancer cells and has been found to
promote the growth and progression of ovarian cancer (Erickson et al., 2001).
Findings such as these have led to the recent focussing of the pharmaceutical
industry on aspects of intracellular signalling in order to develop novel therapeutic
targets. For example, PLD has been the recent interest of the pharmaceutical

industry as a potential therapeutic target due to its role in the production of the potent

lipid messenger PA (Steed & Chow, 2001).

1.2. Phosphatidic acid and signal transduction

Phosphatidic acid (PA) is present in resting cells at very low levels where its lifetime
is transient (English et al., 1996). However, following agonist stimulation of cells,
membrane phospholipids are hydrolysed leading to a rise in the levels of a variety of
lipid signalling molecules including PA. Agonist stimulated hydrolysis of membrane

phospholipids such as PC, PI and PIP, occurs in response to agonists ranging from
hormones and growth factors to tumour promoting agents and represents a ubiquitous
cellular signalling mechanism (Exton, 1990, Billah & Anthes, 1990, Exton, 1994).
As detailed, the PLD catalysed hydrolysis of membrane phospholipids such as PC,

leads to the production of PA which has been implicated as a major signalling

molecule for many years. A great number of studies have been conducted in an

attempt to elucidate the physiological role of PA and identify the molecular targets of

this lipid mediator (for reviews, see Billah & Anthes 1990, Exton 1990, 1994, Billah
1993, English et al., 1996, Bocckino & Exton 1996 and Hodgkin et al., 1998). The

role of agonist stimulated rises in PA levels in signal transduction has been the




subject of intensive research and even though many targets for PA have been

1dentified, the precise role of PA has yet to be fully established.

1.3. Phosphatidic acid production

As described previously (section 1.1), PA can be generated within cells through
several different routes. The first of these is through its direct formation by the PLD-
catalysed hydrolysis of membrane phospholipids, especially PC. Secondly, PA can
be formed indirectly by the DGK catalysed phosphorylation of DG, derived from the

PLC-catalysed hydrolysis of PIP; or PC. Finally, the acylation of LPA catalysed by
LPAAT provides a further route for the generation of PA within cells. As will be

discussed in more detail later, an important consequence of the fact that there are
several routes for the production of PA is the potential for generation of distinct
molecular species of PA depending on the precursor membrane phospholipid and the
route of formation. Therefore, the fatty acyl side chain pairings found in PAs, and
indeed any lipids subsequently derived from PA, are an important source of
information on the phospholiptd precursors for any PA species formed or

accumulated within cells following cell stimulation.

1.3.1. Phospholipase D isoforms

Phospholipase D (PLD) catalyses the hydrolysis of the terminal diester bond of

membrane glycerophospholipids to generate PA and choline. The mechanisms and

factors involved in the regulation of PC-PLD and also PC-PLD signalling, along with
the functional significance of these has been the subject of considerable interest over

recent years (for reviews, see Exton, 1997, 2000, Gomez-Cambronero & Keire,
1998).

PLD activity has been detected in many cell types and tissues such as brain and lung,
where activity 1s highest, but also in hepatocytes, endothehal cells, spermatozoa,
platelets and neutrophils (Gomez-Cambronero & Keire, 1998). Furthermore, there

have been a number of studies which have identified several isoforms of mammalian
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PLD which differ in their subcellular localisation, dependence on cations, pH optima,

effects of fatty acids, small molecular weight G-proteins and lipid co-factors (Exton,
1990, 1997, 2000, Billah, 1993, Liscovitch & Chalifa-Caspi, 1996).

Two mammalian PLD activities have now been cloned from human and mouse. The

first of these, cloned from a HeLa cell library and named PLD1 (PLD1a) was found
to be a 124kDa protein, which was membrane associated, PC-specific, magnesium-
dependent and insensitive to calcium. Furthermore, hPLD1 is activated by PIP, and
ARF and 1s inhibited by oleate (Hammond et al., 1995). Subsequently, an
alternatively spliced form, PLD1b was identified and is closely related to PLD1a and
has similar properties (Hammond et al., 1997). PLDI1 is localised in perinuclear

regions such as the endoplasmic reticulum, Golgi apparatus and late endosomes (for

reviews, see Liscovitch et al.,, 2000, Exton, 1997, Gomez-Cambronero & Keire,
1998).

The second mammalian PLD was cloned from mouse cDNA and found to display
only 50% homology with PLD1 (Colley et al., 1997). Three spliced variants of
PLD2 have now been sequenced, named PLD2a, with two truncated forms being
referred to as PLD2b and PLD2c. PLD2b lacks an 11 amino acid sequence and
PLD2c consists solely of the first 335 amino acids of full length PLD2a (Liscovitch
et al., 2000). PLD2 has been shown to exhibit high basal activity in contrast to PLDI1

and 1s localised primarily to the plasma membrane (Cambronero & Keire, 1998).

The regulation of PLD enzymes continues to be the subject of considerable interest
and remains to be fully clarified. The issues surrounding the regulation of PLD are
extremely complex and reports addressing this issue are often contradictory in
nature. For example, in some systems, activation of PLD is sensitive to phorbol 12-
myristate 13-acetate (PMA) but in others it is not. Furthermore, other systems
demonstrate PLD activation to be dependent on PKC, ras/ARF, PI, PIP,, or even a
combination of these factors (Gomez-Cambronero & Keire, 1998). More recent
investigations using recombinantly expressed PLD enzymes have concluded that

PLD1 is the major PLD isoform which is regulated by ARF, PKC and RhoA (for



review, see Liscovitch et al., 2000). Figure 1.3 outlines the major possible regulatory
factors that exist for PLD and it can be seen that they range from G-proteins and
kinases, to lipid molecules and ions (Gomez-Cambronero & Keire, 1998). It should
be noted that each PLD isoform may be subject to different levels of regulation by

each of the factors as has been demonstrated for mammalian PLLD1 and PLD2.

Reports have detailed the complex regulation of PLD1 by factors such as PKC, Rho
and ARF. In contrast, PLD2 is insensitive to PKC and small G-proteins. PLD2 is
generally believed to be regulated by inhibitory factors and a- and B-synucleins have
recently been shown to inhibit PLD2 in vitro (Jenco et al., 1998, for reviews, see
Exton, 2000, Liscovitch et al., 2000). The regulation of PLD activities continues to
be investigated and recent evidence has shown PLD2 activity to be sensitive to

tyrosine phosphorylation (Liscovitch et al., 2000). Furthermore, the mild activation
of PLD2 activity by ARF has also been detailed (Sung et al., 1999).

1.3.2. Phospholipase C enzymes and the production of PA

1.3.2.1. Phosphatidylcholine hydrolysis by PLC enzymes and their regulation

As detailed previously, production of PA via the actions of PLC enzymes requires
the sequential hydrolysis of membrane phospholipids by PLC enzymes producing
DG, followed by the subsequent phosphorylation of DG by DGK. Hydrolysis of PC

by PLC (PC-PLC) enzymes has been proposed in many cell types such as Swiss 3T3
fibroblasts (Cook & Wakelam, 1992), hepatocytes (Pittner & Fain, 1991), guinea pig

tracheal smooth muscle cells (GPTSM) (Pyne & Pyne, 1994) and in intestinal
smooth muscle cells (Murthy & Makhlouf, 1995). However, the regulation of PC-
PLC enzymes has yet to be fully resolved. Pyne & Pyne (1994) demonstrated that
bradykinin (BK) stimulated PC-PLC activation is not downstream of PIP, hydrolysis
as a B2 receptor antagonist did not inhibit PC-PLC derived DG production but
blocked IP; formation. In addition to this, a negative modulatory role for PKC on
PC-PLC has been proposed based on the findings that in fibroblasts, PKC down-
regulation nhibited PLD activity but increased the levels of PC-derived DG (Van




Figure 1.3: Outline of the possible upstream factors involved in PLD regulation
(adapted from Gomez-Cambronero & Keire, 1998).
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Blitterswik et al., 1991). Consistent with this, down-regulation of PKC in GPTSM
cells had no etfect on BK stimulated PA and DG levels even though PLD activity

was abolished (Pyne & Pyne, 1994). However, in contrast to these findings, Murthy
& Makhlouf (1995) demonstrated that PC-PLC was calcium dependent and appeared
to be G-protein coupled but was insensitive to PKC. In addition to this, a more

recent study reported a bacterial PC-PLC activity that required calcium and zinc for

activity (Preuss et al., 2001).

1.3.2.2. Phosphoinositide hydrolysis by PLC enzymes and their regulation

Multiple isoforms of phosphoinositide hydrolysing PLC (PI-PLC) enzymes have
been described. These are divided into three groups, namely PLCP of which there

are four (PLCPB 1-4), PLCy of which there are two (PLCy1 & 2) and PLCo6 of which
there are four (PLCo 1-4) 1soforms (Rhee & Choi, 1992, Lee & Rhee, 1995 and Rhee
& Bae, 1997). Furthermore, a fourth type, PLCo has been proposed (Cockcroft &

Thomas, 1992). However, PLCa 1s apparently a proteolytic product of a PLCb
isoform (Exton, 1996, Exton, 1997). PLCJ, v and 6 isoforms have been shown to

have two regions of homology, X and Y, and these are thought to be the catalytic
domain of the enzymes (Lee & Rhee, 1995, Exton, 1996, Lee & Bae, 1997).

Furthermore, all PI-PLC isoforms contain a pleckstrin homology (PH) domain, with
PLCy having two (Parker et al., 1994, Lee & Rhee, 1995). In addition, unlike the

PLCB and PLCy isoforms, the PLC6 enzymes have three Src homology (SH)

domains (two SH2 and one SH3) between the X and Y regions which participate in
protein-protein interactions (Lee & Rhee, 1995, Exton, 1997).

The agonist stimulation of PI-PLC isoforms is regulated by two mechanisms, One of
these involves G-proteins and the other tyrosine phosphorylation. The involvement
of pertussis toxin-sensitive and —insensitive G-proteins in PI-PLC regulation was

suggested to be due to pertussis toxin inhibiting PI-PLC in a cell type specific

manner (Cockcroft & Thomas, 1992). However, it 1s now recognised that Gogq

subunits (aq, all, 14 and «16) are involved in the regulation of PLCP isoforms

R

only (Smrcka et al., 1991, Taylor et al., 1991) and that this occurs with an order of

11




responsiveness of PLCB1 > 3 > 34 > B2 (Lee & Rhee, 1995, Rhee & Bae, 1997).
Camps and colleagues (1992) were the first to demonstrate that the pertussis toxin-
sensitive component of G-protein PI-PLC regulation was mediated by the By
subunits of Gi1 and Go. It 1s now known that By subunits regulate PLCP isoforms
with a different order of potency from Goaq subunits such that the order of
responsiveness 1s PLCB3 > 32 > B1 and PLCB4 is unresponsive (Lee et al., 1994). In
addition to these regulatory mechanisms, other reports have shown the
phosphorylation of several PLCQ isoforms by the Cyclic adenosine 37,5’

monophosphate (cAMP)-dependent protein kinase (PKA) and also PKC (Liu &
Simon, 1996, Ryu et al., 1990, for review, see Rebecchi & Pentyala, 2000).

In contrast to the above regulation of PI-PLC[ isoforms, PLCy is activated following

growth factor binding to receptors through tyrosine phosphorylation (Nishibe et al.,
1990, Foster, 1993, Lee & Rhee, 1995, Rhee & Bae, 1997). Several lines of

evidence demonstrate the importance of tyrosine phosphorylation on PLCy

activation. For example, replacement of tyrosine’> of PLCy by phenylalanine has
shown that phosphorylation at this residue is important in the activation of this
enzyme (Exton, 1996). Furthermore, tyrosine autophosphorylation of the platelet
derived growth factor (PDGF) receptor at tyrosine'’?' causes PLCy to bind to the
receptor through its SH2 domain (Kashishian & Cooper, 1993). Little is known

about the regulation of PLCd 1soforms although calcium is believed to play an

important role (Lee & Rhee, 199)5).

1.3.3. Diacylglycerol Kinases

Diacylglycerol kinases (DGK’s) constitute a family of lipid kinases which catalyse
the phosphorylation of DG to PA. The DGK enzymes are believed to be important
in the termination of PKC signalling through the removal of PIP; derived DG (Kanoh
et al.,, 1993, Quest et al.,, 1996). Mammalian DGK activities have been reported
within cytosolic, microsomal and nuclear fractions (Kanoh et al., 1993, Quest et al.,
1996) and a number of DGK isoforms have been purified and cloned from several

tissues. An 83 kDa, cytosolic DGK was initially purified and cloned from porcine
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brain by Kanoh and colleagues (1983). Following this, a 90 kDa isoform was
purified from rat brain (Goto & Kondo, 1993). Furthermore, Kato and Takenawa
(1990) have purified 110 kDa cytosolic and 150 kDa membrane associated DGK
activities. DGK activities have also been purified from the particulate fraction of

bovine testes (Walsh et al., 1994) and porcine testicular membranes (Hodgkin et al.,

1997). The wide distribution of DGK’s in several cell types and tissues serves to
demonstrate the functional significance of these enzymes. To date, nine DGK

1soforms have been cloned and all i1soforms contain a conserved catalytic domain and

at least two cysteine-rich domains. However, DGK’s ¢ and n have a bipartite

catalytic domain and DGK 0 has three cysteine-rich regions. In addition to these
domains, most DGK’s have structural motifs that form the basis of division into five

subtypes as shown in Table 1.1 (see Topham & Prescott, 1999 for review).

Table 1.1: Summary of DGK 1soforms cloned.

Subtype Defining Features

Type I a, B,y Calcium binding EF hand

motifs at N-termini.

Type II 0, N Pleckstrin Homology (PH)
- domains at N-termni.

Type III € No identifiable regulatory

Type IV Ankyrin repeats at C-

termini. '

Three

cysteine

rich

o -

domains and a PH domain.

The control of DGK’s is essential due to their influence on cellular DG and PA
levels. However, little is known about the regulation of the various DGK isoforms.
Activation of Type I DGK’s by calcium through the EF hand motifs represents a

method by which increased DG levels could be countered through an increase in
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DGK activity. Calcium normally increases in parallel with DG levels due to the
concurrent actions of IP3 within cells and so this signal could act to attenuate the DG
signal (Topham & Prescott, 1999). Other potential regulatory mechanisms are
associated with the regulatory domains detailed in Table 1.1. For example, the Type
II and Type V DGKs possess PH domains which indicates possible involvement of
other signalling molecules in the regulation of these isoforms (Sakane et al., 1996,

Klauck et al., 1996, Houssa et al., 1997). Further possible regulatory mechanisms

include phosphorylation by protein kinases. For example, DGKO contains several

potential PKC phosphorylation sites (Houssa et al., 1997). In addition, PKCa. and
PKCe have been shown to phosphorylate DGKa (Schaap et al., 1993).

1.3.4. Lyso-phosphatidic acid acyltransferase

Lyso-phosphatidic acid acyltransferase (LPAAT) catalyses the acylation of LPA to
PA and 1s involved in the de novo synthesis of glycerolipids. LPAAT enzymes have
been identified in a number of species including Caernorhabditis elegans,
Escherichia coli and Saccharomyces cerevisiae (Eberhardt et al., 1997). However,

two human LPAAT enzymes have also been cloned. The first of these was cloned

by Eberhardt et al. (1997) and the second human LPAAT (LPAATa) was cloned by

Aguado and Campbell (1998) and found to show 48% sequence homology to the first
human LPAAT.

There 1s little evidence relating to the regulatory mechanisms involved in the control
of these enzymes. However, Bursten et al. (1991) demonstrated activation of
LPAAT in human mesangial cells (HMC) following interleukin-1 (IL-1) stimulation.
Furthermore, EL-4 cells [a murine T cell (Thymoma) line with defective IL-1
receptors] failed to exhibit LPAAT activation following IL-1 stimulation and so
demonstrates a requirement for intact IL-1 receptors for LPAAT activation. In
addition, the apparent phosphorylation and activation of LPAAT in vitro using
isolated pig parotid gland microsomes and the catalytic subunit of cAMP-dependent

or calctum/calmodulin dependent protein kinases was demonstrated (Soling et al.,
1989).
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1.4. Routes of removal of Phosphatidic acid
1.4.1. Hydrolysis of PA by Phospholipase A enzymes

Phospholipase A (PLA) enzymes catalyse the hydrolysis of the fatty acid ester bonds
of phospholipids. There have been several reports of PA-specific PLA activities.

Higgs and colleagues reported the cloning and expression of a PA-preferring PLA;
from bovine testis (Higgs et al.,, 1998). A more recent study by the same group
reported this soluble PLA; to be phosphorylated in vitro by protein kinase CK2
(CK2) and extracellular-signal regulated kinase 2 (ERK-2) [Han et al., 2001].
Furthermore, protein phosphatase 2A (PP2A) was found to selectively hydrolyse

these phosphorylations highlighting the possibility of regulation of PLA; by
phosphorylation/dephosphorylation (Han et al., 2001).

In addition to the PA preferring PLA, activities, a specific PA-hydrolysing PLA,
enzyme has been purified from rat brain (Thomson & Clark, 1995). Furthermore, a
PA-specific, human secretory PLA; (hsPLA;) has been identified and implicated in

- the conversion of PA to LPA in the physiological response to inflammatory stimuli
through the hydrolysis of PA in microvesicles shed from activated cell types such as

platelets (Snitko et al., 1997). In support of this, Kinkaid and colleagues also
reported the hydrolysis of PA by hsPLA; and implicated this activity with a similar

role in the hydrolysis of PA in microvesicles shed from activated cells during

inflammatory disorders (Kinkaid et al., 1998). In addition, Kitatani and colleagues
(2000) reported the hydrolysis of PA by a cytosolic PLA; (cPLA;) activity that was
regulated by PLD in the mast cell line RBL-2H3 following antigen stimulation.

1.4.2. Hydrolysis of PA by Phosphatidic acid phosphatases

Phosphatidic acid phosphatase (PAP) dephosphorylates PA into DG (Smith et al.,
1957). It was identified as an important enzyme in glycerolipid biosynthesis by
regulating the supply of DG which, in addition to its second messenger role, is an

important intermediate in cellular lipid metabolism (Martin, 1988). PAP is now
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regarded as a control point for the direction of de novo glycerolipid synthesis

between neutral diglycerides and triglycerides, zwitterionic phospholipids e.g. PC, or

to the acidic phospholipids such as PI (Aridor-Piterman et al., 1992).

Initial research demonstrated contrasting effects of Mg”* ions on the activity of PAP
in several systems (Jamdar & Fallon, 1973, Martin et al., 1987, Walton &
Possmayer, 1989). This led to the discovery that two distinct PAP isoforms were
present in rat liver (Jamal et.al., 1991). Three biochemical characteristics were used
to discriminate the two distinct PAP activities and these were: 1 Subcellular
localisation; 2 Inhibition by sulfhydryl reagents such as N-ethylmalacimide (NEM);
3 Dependence on Mg®" ions for activity (see Table 1.2). One activity was localised

to the plasma membrane (PAP-2) and the other to microsomes and the cytosol (PAP-
1). These two activities have subsequently been identified in several tissues
including liver (Day & Yeaman, 1992), brain (Fleming & Yeaman, 1995a), adipose
tissue (Jamdar & Cao, 1994), neutrophils (Boder et.al.,, 1994), cardiac myocytes
(Swanton & Saggerson, 1997) and airway smooth muscle cells (Tolan & Pyne, 1995

a, b). Furthermore, similar PAP activities have been reported in a variety of cells
including rat brain (Fleming & Yeaman, 1995a), rat lung (Walton & Possmayer,
1989), adipocytes (Jamdar & Cao, 1994), neural NG108-15 cells (Aridor-Piterman et

al., 1992), myocytes (Swanton & Saggerson, 1997) and neutrophils (Taylor et al,,
1993) (for reviews, see Kanoh et al., 1993, Brindley and Waggoner, 1996).

Table 1.2: The two types of PAP activity

PAP-1 PAP-2
Subcellular localisation Mainly cytosolic
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1.4.2.1. Phosphatidic acid phosphatase-1

Phosphatidic acid phosphatase-1 (PAP-1) is located in the cytosolic fraction of cells
and 1s believed to play a crucial role in glycerolipid biosynthesis (Martin et al., 1994,
Brindley & Waggoner, 1996). PAP-1 activity is characterised by an absolute
requirement for Mg** and sensitivity to inhibition by NEM (Taylor et al., 1993)
(Table 1.2) and has been extensively characterised in adipose and liver tissues
(Martin et al., 1994, Brindley & Waggoner, 1996). However, the translocation of
PAP-1 from the cytosol to the endoplasmic reticulum and mitochondria and
subsequent activation has been observed in response to increases in the fatty acids
oleate and palmitate, as well as their CoA esters (Freeman & Mangiapane, 1989,
Martin-Sanz et al., 1984). However, in direct contrast to these findings, Elabbadi
and colleagues have recently shown the inhibition of rat liver PAP-1 activity in all
subcellular fractions by these fatty acids and their CoA esters (Elabbadi et al., 2002).
These authors also reported the reversal of this inhibition by PA and albumin
(Elabbadi et al.,, 2002). In addition, a role for protein phosphorylation
/dephosphorylation in the translocation of PAP-1 has also been proposed (Butterwith
et al.,, 1984). Furthermore, the translocation of PAP-1 to membrane compartments

has been shown to require a negative charge on the membrane surface resulting in its

sensitivity to inhibition by amphiphilic cations such as chlorpromazine (Brindley,

1988, Gomez-Munoz et al., 1992, Martin et al., 1994).

There is evidence to support a long-term hormonal regulation of PAP-1 activity

which increases in response to glucocorticoids and glucagon, whereas insulin has the
opposite effect (Pittner et al., 1985, Brindley, 1988). Furthermore, long-term
incubation of rat hepatocyte cultures with transforming growth factor (TGF)-$ was
found to increase PAP-1 activity in a time and concentration dependent manner
(Dixon et al., 1997). Other forms of regulation of PAP-1 activity have also been
reported. For example, stimulation of polymorphonuclear leukocytes (PMNL) with
formyl-Met-Leu-Phe (fMLP) was found to decrease soluble, Mg™*-dependent PAP
activity while increasing a similar activity in the particulate fraction (Truett et al.,

1992). However, this was apparently not due to translocation of the enzyme (Truett
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et al., 1992). More recent studies have detailed the regulation of PAP-1 activity in
Rod outer segments by protein phosphorylation/dephosphorylation such that under
PKC phosphorylation conditions, PAP-1 activity was inhibited in both darkness and
light (Perez-Roque et al., 1998). Further evidence of co-ordinated regulation of
PAP-1 1n the eye was also provided by De Arriba Zerpa and colleagues who

demonstrated the activation of PAP-1 by light exposure in retinal ganglion cells

through a c-fos dependent mechanism (De Arniba Zerpa et al., 1999).

A role for PAP-1 in signal transduction following translocation to the plasma
membrane can not therefore, be excluded. A Mg**-dependent, NEM-sensitive PAP
activity has been shown to associate with the epidermal growth factor (EGF) receptor
in A431 cells (Jiang et al., 1996). Furthermore, PAP-1 has been implicated with a
role in regulating prostaglandin E2 (PGE2) production and signalling through the

regulation of cyclooxegenase-2 expression in human amnionic WISH cells (Johnson
et al., 1999).

1.4.2.2. Phosphatidic acid phosphatase-2 / Lipid phosphate phosphatases

PAP-2 was first identified as a distinct activity in rat liver (Jamal et al., 1991), where
it was found to be localised predominantly to the plasma membrane (which was

compatible with a role in signal transduction), insensitive to inhibition by NEM and

independent of Mg®" (Table 1.2). PAP-2 has been implicated with a role in signal

transduction and specifically the PLD signalling pathway for many years (for review,

see Brindley et al., 1996). Several attempts were made to purify the enzyme from
various sources such as pig thymus (Kanoh et al., 1992, Kai et al., 1996) and rat hiver
(Fleming & Yeaman, 1995b, Waggoner et al., 1995) [see Chapter 3]. However, only

partial purification was achieved with significant discrepancies in the molecular

welghts reported.

Subsequently, Kai and colleagues (1996) reported the first cDNA cloning of a PAP-2
isoform from mouse kidney (mPAP, GenBank™ accession number D84376) which

encoded a protein with a predicted molecular weight of 31.89kDa. Following this,
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the same group identified and cloned two human 1soforms of PAP-2, hPAP-2a and
hPAP-2b (47% homology: GenBank™ accession numbers A000888 and A000889
respectively) from HEPG?2 cells (Kai et al., 1997). These two human PAP-2 genes
were subsequently shown to have high sequence identity with several other members

of a protein phosphatase family. hPAP-2a shares 84% nucleotide sequence identity
with the original mPAP and hPAP-2b was found to share 94% nucleotide sequence

identity with the rat Dri42 gene which was identified as a protein localised to the
endoplasmic reticulum (Barila et al.,, 1996). More recently, a third human PAP-2
isoform hPAP-2¢ was identified by two separate groups (GenBank = accession
numbers AF05683 and AF047760) [Roberts et al., 1998, Hooks et al., 1998
respectively]. The identification of hPAP-2c was then closely followed by the
cloning and identification of a mouse gene with 86% amino acid sequence 1dentity

with hPAP-2c¢, termed the mouse Ppap2c gene (Zhang et al., 2000). It was theretore,

apparent that several isoforms of PAP-2 existed within cells.

Early studies characterising PAP-2 activity utilised partially purified preparations
(Waggoner et al., 1995, 1996, Fleming & Yeaman, 1995, Siess & Hofstetter, 1996,
Kai et al., 1996, English et al., 1997). During these studies, Waggoner and
colleagues demonstrated the ability of PAP-2 from rat liver to dephosphorylate PA,
LPA, CI1P and S1P (Waggoner et al., 1996). Furthermore, overexpression of
recombinant PAP-2 isoforms confirmed their ability to dephosphorylate PA, LPA,
C1P and S1P (Roberts et al., 1998, Kai et al., 1997, Hooks et al., 1998) [see Chapter
4]. This led to the suggested renaming of the PAP-2 enzyme family to the lipid
phosphate phosphohydrolases or lipid phosphate phosphatases (LPPs) [Brindley &
Waggoner, 1998, Waggoner et al., 1999]. Table 1.3 details the suggested

nomenclature for the LPP enzyme family and also the original PAP-2 nomenclature.
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Table 1.3: Nomenclature of the LPP enzyme family formerly known as PAP-2
(adapted from Brindley & Waggoner, 1998). m, mouse; r, rat; h, human; gp, guinea-

pig.

Suggested LPP name GenBank'" accession
number
o e
rLPP1 rPAP-2 U90556

hLPP1 hPAP-2a AB000888

hPAP2al AF014402

PAP-2a AF017116

epLPP1 AF088283
hLLPPla _ hPAP-2a2 AF014403 ____'

gcpLPPla AF088284

PAP-2¢ AF056083

PAP-2¢ AF047760

hLPP3 hPAP-2b AB000889

hPAP-2b AF017786

Amino acid sequence analysis of the LPP isoforms predicts that they possess six
putative transmembrane domains with three extracellular loops, two intracellular
loops and intracellular N- and C-terminal domains (Kai et al.,, 1996, Barila et al.,
1996, Kai et al., 1997, Hooks et al., 1998, Roberts et al., 1998, Tate et al., 1999,
Nanjundan & Possmayer, 2001). Notably, they contain a novel sequence motif
[KXsRP(X2.54)PSGH(X31.54)SRXsHX3D] found in a superfamily of phosphatases
(Stukey & Carman, 1997) [Figure 1.4]. Furthermore, recent mutational studies have
demonstrated that the three conserved domains of LPP1 represent the active sites of
the enzyme as mutation of seven conserved residues within the domains was found to
abolish LPP1 activity (Zhang et al., 2000). The superfamily of phosphatases
contains among others, the Dri42 protein of rat (Barila et al., 1996), the Drosophila
protein wunen (Zhang et al., 1997), mammalian HIC-53 (Egawa et al., 1995), as well
as a number of other enzymes such as bacterial acid phosphatases (for review, see
Brindley & Waggoner, 1998). Spliced variant forms of LPP1 have also been

identified In human and guinea-pig, termed hLPPla (Leung et al., 1998) and
gpLPPla (Tate et al., 1999) respectively.
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Further investigation into the molecular structure of the LPP enzymes revealed a
single N-glycosylation site on the predicted second extracellular loop. This has been
confirmed experimentally for the LPP1 from porcine thymus (Kai et al., 1996),
mouse (Kai et al.,, 1996) and both human LPP1 and LPP3 (Kai et al.,, 1997, for

review, see Kanoh et al., 1999). Furthermore, a glycosylation site in the predicted

second extracellular loop of mLPP1 was recently demonstrated by mutation of

Asn'¥ (N142Q mutation) and was found to decrease the molecular weight of the

protein by 4 kDa on SDS-PAGE, as expected for the unglycosylated form of the

enzyme (Zhang et al., 2000). It is possible to enter the amino acid sequence of

enzymes into the online program PROSITE® (http://www.expasy.org) [Hofmann et al.,
1999] which searches a protein sequence for specific domains or biologically
important sequences. Analysis of gpLPP1, gpLPPla, hLPP2 and hLPP3 (Figure 1.4)

revealed a number of N-myristoylation sites within each LPP sequence.

Furthermore, the four LPP isoforms were found to possess a number of

phosphorylation consensus sites for several protein kinases (see Section 1.4.2.3.).

LPP activity against PA has been detected 1n all tissues examined to date (Brindley

& Waggoner, 1998). However, Waggoner and colleagues showed that LPP activity

in rats was low in skeletal muscle and heart tissue with the highest specific activity
being detected in brain, lung, spleen and kidney (Waggoner et al., 1995). More
recent studies have shown a widespread but varying distribution of the individual
LPP 1soforms. LPPI and LPP1a mRNAs have been found to be expressed 1n heart,
lung, kidney, bladder, prostate, uterus and aorta (Kai et al., 1997, Leung et al., 1998,
Ulrix et al., 1998). However, these reports suggest a tissue dependent varation n
the levels of mRNA expressed such that hLPP1 was found to be abundant 1n prostate
but undetectable in the thymus, placenta and leukocytes (Kai et al, 1997). In

contrast however, Leung and colleagues reported the detection of hLPP1 as the
predominant LPP1 isoform in kidney, lung, liver, but also in placenta (Leung et al.,
1998). Furthermore, this study reported that hLPP1a was the predominant isoform in
heart and pancreas. LPP2 mRNA has been found to be less widely expressed, being

found mainly in brain, pancreas and placenta (Hooks et al., 1998). Conversely, LPP3
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Figure 1.4: Amino acid sequence comparison of gpLLPP1, gpLPPla, hLPP2, and
hLPP3.

The deduced amino acid sequences of gpLPP1, gpLPPla, hLPP2 and hLPP3 are
shown with a consensus sequence of conserved amino acids are indicated (! is
anyone of IV, $ 1s anyone of LM, % is anyone of FY, # 1s anyone of NDQEBZ).
Shaded regions encompas the three conserved domains which are conserved among

the phosphatase superfamily (see text). Predicted transmembrane domains, denoted I

— VI are underlined.
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mRNA has been found to be ubiquitously expressed in all human tissue to

comparable levels (Kai et al., 1997).

1.4.2.3. Regulation of Lipid phosphate phosphatases

The LPPs represent a family of enzymes which lie at a pivotal position for the
regulation of the levels of several potent lipid mediators. However, there is very
little known about the regulation of LPP activity or expression. As detailed
previously, there are several potential phosphorylation sites on each of the LPPs.
Analysis of the amino acid sequences of gpLPP1, gpLPP1a, hLPP2 and hLPP3 using
the PROSITE® database (Hofmann et al., 1999) revealed the presence of potential

phosphorlyation sites for Casein Kinase II (CK2) in all four LPP isoforms.

Furthermore, there were also phosphorylation consensus sequences for PKC in all

LPP isoforms tested except gpLPPla and interestingly, a phosphorylation site for
PKA in hLPP2 alone and a cell attachment sequence in hLPP3 alone. These findings

are consistent with evidence reported by Waggoner and colleagues who

demonstrated LPP from rat liver to be a phosphoprotein (Waggoner et al., 1995).
Furthermore, rLPP1 has been detailed to have phosphorylation sites for PKC and
CK2 (Waggoner et al, 1999). Thus, potential exists for the differing post-

translational modification of the various LPP isoforms although direct evidence

remains to be provided.

Agonist stimulation of LPP has been reported, in ras or the non-receptor tyrosine

kinase fps transformed fibroblasts, where a role in cell growth has been suggested.
~ The specific activity of LPP is decreased in both cell types and they fail to exhibit
contact inhibition (Martin et al., 1993). In agreement with the above, levels of PA in
ras-transformed fibroblasts have been shown to increase in a time dependent manner
in contrast to that of control fibroblasts (Martin et al.,, 1997). In addition, the
regulation of LPP activity by Sph and S1P has been demonstrated in Saccharomyces
cerevisiae (Wu et al., 1993), neutrophils (Mullmann et al., 1991) and NG108-15

neuroblastoma cells (Lavie et al., 1990). Furthermore, the precursor of sphingosine,

namely ceramide has been shown to apparently stimulate LPP activity (Gomez-
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Munoz et al., 1994). This therefore, represents a further dimension to the possible
regulatory mechanisms involved in the control of LPP activity. A more recent study
has detailed the regulation of LPP activity in rod outer segments of the bovine eye

via a transducin-mediated mechanism suggesting the possibility of G-protein

regulation of certain LPP isoforms (Pasquare et al., 2000).

In addition to the above reports of possible regulatory mechanisms for LPP activity,
LPPI has been previously identified as an androgen regulated gene in the human
prostatic adenocarcinoma cell line LNCaP (Ulrix et al., 1998). Furthermore, mRNA

levels for LPP3 but not LPP1 were found to increase up to 3-fold following treatment

of HeLa cells with epidermal growth factor (EGF) indicating a possible difference in
the regulation of LPP isoforms (Kai et al.,, 1997). The expression of the rat LPP
homolog Dri142 has been found to increase during the differentiation of rat intestinal

mucosa suggesting highly regulated expression of this protein during this process
(Barila et al., 1996).

There are therefore, many indications for complex regulatory mechanisms

controlling LPP expression and activity in many diverse cell types. However, the

actual regulatory mechanisms in vivo remain poorly understood.

1.5. PA and its role in cellular signalling

1.5.1. In vitro effects of PA

Early research supported a role for PA 1n mediating calcium influx in cells. For
example, PA was proposed to act as a calcium ionophore due to its ability to cause
the movement of radioactive calcium across the phases of a suspending media
(Putney et al., 1980). However, Holmes & Yoss demonstrated that the ionophoretic
properties of PA were in fact due to contaminating oxidised fatty acids (Holmes &
Yoss, 1983). Many cell free systems have been used to 1nvestigate the actions of PA.
For example, PA was found to augment the guanine nucleotide-dependent and

receptor agonist stimulation of PLC (Jackowski & Rock, 1989). Other studies
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investigating the effects of PA on PLC enzymes detailed a two-fold stimulation in

Xenopus laevis oocytes (for review, see English et al., 1996) and also that PA acts as
an allosteric modifier which activates PLC-yl immunoprecipitated from A431 cells
(Jones & Carpenter, 1993). More recent studies have now demonstrated PA to be
involved in the regulation of several PLC isoforms, such as PLC-63 (Pawelczyk &
Matecki, 1999) and PLC-B1 (Litosch 2000, Litosch 2002). The regulation of PLC-
Bl by PA was found to be relatively independent of acyl chain length and was
proposed to involve both a direct stimulation of PLC-B1 by PA and a dual regulation
of G-protein stimulation of PLC-B1 (Litosch, 2002). However, the exact mechanism
of PA regulation of G-protein stimulation of PLC-Bf1 could not be determined
(Litosch, 2002). In contrast, PA was found to stimulate PLC-83 activity in a
concentration and calcium dependent manner. The stimulation was proposed to

require the calcium dependent interaction of PA with the C2 domain of PLC-63.
Furthermore, PA was found to promote the binding of PLC-63 to phospholipid

membranes most likely through interaction with the PH domain of the enzyme
(Pawelczyk & Matecki, 1999).

PA has also been reported to modulate the activity of many other enzymes. These
include a rolipram sensitive cyclic nucleotide phosphodiesterase (PDE) [Marcoz et
al., 1993, Nemoz et al., 1997] which is activated upon PA binding (Grange et al.,
2000).: A specific PA binding site was 1dentified by deletion of amino acids 31 to 59
of PDE4D3 and was characterised by the presence of a 13 amino acid fragment

which included 4 basic residues and 5 hydrophobic residues (Grange et al., 2000).

PA has also been shown to regulate protein tyrosine phosphatase 1C (PTP1C)
[Tomic et al.,, 1995] and activate bacternial PLD (Geng et al,, 1998), PDE4AS (El

Bawab et al., 1997), as well as secretory PLA; (Kinkaid et al., 1998). Furthermore, a
recent study by Jones and colleagues has identified the y-isoforms of the catalytic

subunit of protein phosphatase-1 (PP1cy) as a specific target for PA in vitro (Jones &
Hannun, 2002). In this study, the authors demonstrate the non-competitive inhibition

of PP1 through the binding of PA to PP1cy (Jones & Hannun, 2002).
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The activities of several protein kinases have also been shown to be regulated by PA
such as phosphatidylinositol 4-phosphate kinase (Moritz et al., 1992),

phosphatidylinositol 3-kinase (Lauener et al., 1995), the insulin receptor tyrosine

kinase (Arnold & Newton, 1996) and the neutrophil, non-receptor tyrosine kinase

Fgr (Sergeant et al., 2001). Several studies have detailed the activation of PKC by
PA. Indeed, Senisterra and colleagues demonstrated that PA could replace

phosphatidylserine (PS) to activate PKC (Senisterra et al.,, 1993). Furthermore,
Limatola and colleagues demonstrated the calcium dependent activation of two PKC
1soforms 1n a cell free assay by PA (Limatola et al,, 1994). In this system, PA was

found to be a strong activator of the DG-1nsensitive PKCE isoform in the absence of

calcium, implicating PA with a role in the activation of PKCE in cells where
intracellular calcium is at basal levels (Limatola et al., 1994). In addition to the
studies described above, PA has been found to activate a novel, calcium-independent
protein kinase distinct from PKC isoforms, in Triton extracts of human platelets
(Khan et al., 1994). More recent studies have also shown the PA-mediated activation
of a novel protein kinase in neutrophils which is involved in NADPH oxidase

activation during the respiratory bust of neutrophils and this is discussed in more

detail below (Waite et al., 1997, McPhail et al., 1999).
1.5.2. Intracellular effects of PA

The most extensively studied physiological role of PA is that of activation of
NADPH oxidase and subsequent superoxide generation during the respiratory burst

of neutrophils. NADPH oxidase activation has been found to be a complex event

that involves several components including Rac2, a small molecular weight G-

protein. During cell stimulation, Rac2 dissociates from a complex with GDP
dissociation inhibitor (GDI), allowing binding of GTP to Rac2 and its subsequent
translocation to the plasma membrane for involvement in NADPH oxidase activation
(Park, 1996, Waite et al., 1997, McPhail et al., 1999, Erickson et al., 1999, for
review, see English et al., 1996). PA has been found to disrupt the complex between
Rac2 and GDI and also to cause a conformational change in p47Phox which is also

involved in NADPH oxidase activation upon translocation to the plasma membrane
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(Park, 1996). Later studies have demonstarted the phosphorylation of p47Phox by a
novel PA-dependent cytosolic protein kinase (Waite et al., 1997, McPhail et al.,
1999). McPhail and colleagues also report the partial purification of the PA-

dependent protein kinase and demonstrate it to be distinct from other protein kinases

known to phosphorylate p47Phox such as PKC and ERK and to be widely distributed

In a variety of haematopoietic cell lines and in rat brain (McPhail et al., 1999). In
addition to these proposed roles for PA in NADPH oxidase activation, Erickson and

colleagues detailed the direct activation of NADPH oxidase by PA in a cell free
system (Erickson et al., 1999),

Further intracellular effects of PA include the induction of mitogenesis. For
example, PA has been shown to be mitogenic in fibroblasts (Yu et al.,1988, Van
Corven et al.,, 1992) and mesangial cells (Knauss et al., 1990). Furthermore, in
Balb/c 3T3 cells, PLD-derived PA has been linked with the mitogenic response of
PDGF (Fukami & Takenawa, 1992). PA has also been implicated in mediating the
proliferation associated with other receptor agonists including epidermal growth
factor (EGF) [Kaszkin et al., 1992] as well as Interleukins 1, 2 and 11 (Bursten &
Harris, 1994, Cano et al., 1992, Siddiqui & Yang, 1995). In addition, in Swiss 3T3
fibroblasts, the mitogenic effects of sphingosine (Sph) and sphingosine 1-phosphate
(S1P) have been suggested to involve a PA-mediated effect (Zhang et al., 1990).

It is suggested that the mitogenic response to PA i1s mediated through the PA-
dependent activation of the ERK-1/2 signalling cascade. This is based on reports
that PA inhibits p21RasGTPase activating protein (GAP) [Tsai et al., 1989] and also
activates the p21RasGTPase inhibitory protein (GIP) [Tsai et al.,, 1990]. The
combination of these two actions would result in the prolonged lifetime of active
GTP-bound Ras which is important in the activation of ERK-1/2 and the proliferative
responses of cells. In support of this, PA-induced mitogenesis was blocked by
micro-injection of an anti-Ras antibody in NIH3T3 fibroblasts (Yu et al., 1988). In
addition to the effects of PA on GAP and GIP, PA can integrate into the ERK-1/2
signalling cascade at the level of Raf-1 kinase. For example, Ghosh and colleagues

reported the direct interaction and subsequent activation of Raf-1 kinase by PA
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(Ghosh et al., 1996). More recently however, PA has been demonstrated to mediate
the translocation of Raf-1 to the plasma membrane leading to subsequent activation
of Raf-1 and the ERK-1/2 signalling cascade (Rizzo et al., 1999). This group also
reported that PA was required, but not sufficient alone for the activation of Raf-1 and
concluded that the main role of PA was in the induction of Raf-1 translocation to the
plasma membrane (Rizzo et al., 1999). In addition to the effects of PAs on NADPH

oxidase activation and mitogenesis, PA has also been implicated in many other

cellular responses such as actin polymerisation (Ha & Exton, 1993), platelet

activation (Kroll et al., 1989) and hormone release (Metz & Dunlop, 1990).

1.5.3. Extracellular effects of PA

The addition of exogenous PA has been shown to cause calcium influx in many
biological tissues including cultured hepatocytes (Osugi et al., 1984). Furthermore,

exogenous PA has been shown to cause mitogenesis in normal mouse mammary
epithelial cells (Imagawa et al., 1989). However, LPA has been attributed with many

of the proposed signalling functions of exogenously added PA (reviewed by
Moolenaar, 1995). For example, LPA which 1s derived from PA has been shown to

cause calcium influx in fibroblasts (Moolenaar et al., 1992). Furthermore, both LPA

and PA inhibit adenylyl cyclase (Murayama & Ui, 1987) and are potent mitogens in
fibrobalasts (Van Corven et al., 1992) and endothehal cells (Imagawa et al., 1989).

However, LPA and PA are found to be equipotent mitogens in fibroblasts and Van

Corven and colleagues suggest this to be an argument against LPA mediating the
effects of PA (Van Corven et al., 1992).

Several groups have investigated the involvement of a PA receptor in mediating

these effects of PA. Murayama and Ui suggested that the adenylyl cyclase inhibition
resulting from exposure of fibroblasts to PA was mediated by membrane receptors as
pre-treatment of these cells with pertussis toxin (PTX) decreased these effects
suggesting the presence of a Gai/o coupled G-protein coupled receptor (GPCR)
system (Murayama & Ui, 1987). In addition to this, Ferguson and Hanley reported

the induction of calctum-dependent electrical responses in Xenopus laevis oocytes by
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both dioleoyl PA(c1s:1,18:1) and oleoyl LPA ¢35,y through a mechanism which was not

intracellular, thereby implicating a surface receptor (Ferguson & Hanley, 1992).

More recently Sliva and colleagues suggest that the PA-mediated migration of

human breast cancer cells 1s mediated via a cell surface GPCR specific for PA (Sliva

et al., 2000). In addition, a recent report by Alderton and colleagues demonstrated the

receptor mediated activation of ERK-1/2 by various molecular species of PA
(Alderton et al., 2001). In this study, the rank order of potency for stimulation of
ERK-1/2 by the different molecular species of PA tested was dioctanoyl PAcs.0,5:0) >

dipalmitoyl PA(cie.0,16:0) > stearoyl/arachidonyl PAis.020:4) = dioleoyl PAcis:1,18:1)
(Alderton et al., 2001). Furthermore, these responses were found to be PTX sensitive

suggesting that PA binds to a GPCR coupled to Gai/o G-proteins (Alderton et al.,
2001).

1.5.4. Molecular species of PA produced during cell stimulation

Following cell stimulation, phospholipids are hydrolysed resulting in the production
of a variety of lipid signalling molecules. PA is rapidly generated via several
different pathways involving the hydrolysis of different parent phospholipids such as
PI and PC by the actions of phospholipases C and D or through the phosphorylation
of PIP,-derived DGs by DGK. The fatty acid side chain composition of the parent
phospholipid molecules involved in the production of PA are known to vary
considerably (Pessin & Raben, 1989, Pettitt & Wakelam, 1993, Heung & Postle,
1995, Hodgkin et al., 1998). In relation to this, the differential hydrolysis of
particular parent phospholipids can lead to the production of distinct PA species
depending on the source parent phospholipid (Ohanian et al., 1998). Accordingly, to
selectively identify PLD-generated products, an experimental strategy utilising the
phosphatidyltransferase activity of PLD has been developed. In the presence of a
primary alcohol such as propan-1-ol or ethanol, PLD generates more slowly
metabolised phosphatidylalcohols (PtdAlcs) instead of PA. The structural analysis of
the PtdAlcs produced following cell stimulation allows the selective sampling and
investigation of PLD-generated products (Hodgkin et al., 1998). Investigations using

this technique have revealed that PtdAlcs generated following cell stimulation
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contain a combination of saturated, and mono-unsaturated fatty acids which were
similar to the molecular species of PC present (Heung & Postle, 1995, Pettitt et al.,
1997). In addition, others have analysed the PA species accumulating in various cell
types following agonist stimulation. Divecha and colleagues demonstrated that, in

Swiss 3T3 fibrobalasts stimulated with bombesin, polyunsaturated, mono-

unsaturated and saturated PA species accumulated due to the activation of both PIP,-
PLC and PLD (Divecha et al.,, 1991). The accumulation of several different PA
species was -also reported following muscarinic receptor activation of human SK-N-
SH neuroblastoma cells (Lee et al., 1991). In contrast, analysis of the PA species
produced following stimulation of rat thymocytes with concanavalin-A revealed an
accumulation of only polyunsaturated PA species (El Bawab et al., 1997).
Furthermore, LPA stimulation of porcine aortic endothelial cells led to an increase in

mono-unsaturated and saturated PA species (Pettitt et al.,, 1997). Interestingly,
during this study, only PLD was reported to be activated.

Even though several reports have shown signalling roles for various PA species, the
specific functions of the different molecular species of PA remain unclear.
Murayama & Ui reported that, in Swiss 3T3 fibroblasts, PA species containing two
saturated fatty acid side chains were less potent mitogens than PAs with unsaturated
fatty acid side chains (Murayama & Ui, 1987). In contrast, Imagawa and colleagues
demonstrated that the mitogenic effect of PA in mouse mammary epithelial cells
required a polyunsaturated fatty acid at the sn-2 position of the glycerol moiety

(Imagawa et al., 1989). Alternatively, PAqs.0,16:0) species have been shown to be the
most potent stimulator of ERK-2 activity in mouse 3T3-L1 cells (Siddiqui & Yang,

1995). In another study, Tokumura and colleagues reported superoxide anion release
from polymorphonuclear leukocytes induced by PA species with saturated, short
chain fatty acid side chains such as PA.0,6:.0), PAs:0.8:0) and PA10.0,10.0) (Tokumura et
al., 1997). Furthermore, the actin stress fibre formation stimulated by PLD derived
PA has been shown to be mimicked to a greater extent by mono-unsaturated PA
species compared to poly-unsaturated PA species (Cross et al., 1996, Hodgkin et al.,

1996). The latter studies led to the suggestion that the PA species with a role in
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signal transduction were of the mono-unsaturated and saturated forms (Hodgkin et
al., 1998).

It is believed by many that signalling PA species, including those which contain
saturated, mono-unsaturated and possibly di-unsaturated fatty acid side chains are
derived from the PLD catalysed hydrolysis of parent phospholipids such as PC
(Hodgkin et al., 1998, Pettitt et al., 2001). Accordingly, biologically active DG
species are considered to possess predominantly poly-unsaturated fatty acid side
chains (three or more double bonds) and be derived via the PLC catalysed hydrolysis
of inositol phospholipids (Jones et al., 1999). This therefore, allows the termination
of an incoming PA signal via the dephosphorylation by PAPs or LPPs to inactive DG
species or, conversely, the phosphorylation of a signalling DG species by DGK, to an
inactive PA species. Recent work on PLD1b and PLD2a enzymes has revealed that
both PLD isoforms produce structurally identical PA species following stimulation
of mammalian cells (Pettit et al.,, 2001). The authors report that both PLD 1soforms
hydrolyse a common phospholipid pool to generate PA species rich in mono- and di-
unsaturated fatty acid side chains (Pettitt et al., 2001). However, several studies have
reported signalling roles for PA species with saturated, mono-unsaturated, di-
unsaturated but also poly-unsaturated fatty acid side chains (Murayama & Ui, 1987,
Imagawa et al., 1989, Siddiqui & Yang, 1995, Cross et al., 1996, Hodgkin et al,,
1996). There is therefore, still much work to be done to discover if certain molecular
species of PA have a signalling role while others do not and also by what route these

signalling PA species are produced following cell stimulation.

1.6. Other phosphorylated lipids with a signalling role — Lysophosphatidic acid,
Sphingosine 1-phosphate and Ceramide 1-phosphate

As described previously, phosphatidic acid (PA) 1s recognised as a potent signalling
molecule. However, in addition to PA, the LPP substrates, lysophosphatidic acid
(LPA), sphingosine 1-phosphate (S1P), and ceramide 1-phosphate (C1P) have also
been shown to have diverse signalling roles in health and disease. LPA and SIP are

the most studied of these three phosphorylated lipids and research over recent years
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has resulted in dramatic progress in the understanding of the biological roles of these

two lysophospholipid mediators.

LPA and S1P are produced by a number of different cell types including platelets,

macrophages, other leukocytes, adipocytes, some epithelal cells, as well as some

tumour cells (for review, see Goetzl, 2001). Furthermore, once released or produced
by these cells, LPA and S1P have been shown to be involved in processes such as

cell growth, differentiation, cell survival and apoptosis (for reviews, see Pyne &
Pyne, 2000; Tigy1, 2001).

In contrast to LPA and S1P, very little is known about the physiological functions of

CIP. Gomez-Munoz and colleagues reported the stimulation of DNA synthesis by
synthetic, short chain C1P (Gomez-Munoz et al., 1995a). In addition, ceramide

kinase activity has been reported in HL-60 cells (Kolesnick & Hemer, 1990) and
more recently in human polymorphonuclear leukocytes (PMNs) [Hinkovska-
Galcheva et al.,, 1998]. Hinkovska-Galcheva and colleagues report that CIP 1is
formed during phagocytosis through the activation of ceramide kinase and suggest
that C1P could be involved in promoting phagolysosome formation (Hinkovska-
Galcheva et al., 1998). Furthermore, the first cDNA cloning of a ceramide kinase
was recently reported, based on sequence homology with sphingosine kinase type 1
(SphK1) by Sugiura and colleagues (Sugiura et al., 2002). Overexpression of the
cDNA in HEK293 cells was found to produce significant amounts of ATP
dependent, ceramide phosphorylating activity but very little activity towards
sphingosine and diacylglycerol (Sugtura et al., 2002). However, for the purposes of
this thesis, the discussion will focus on LPA and S1P and in particular, their

signalling roles mediated via the recently 1dentified LPA-specific and S1P-specific
families of G-protein-coupled receptors (GPCRs).
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1.7. Lysophosphatidic acid metabolism

1.7.1. Lysophosphatidic acid production

Lysophosphatidic acid (LPA) represents the simplest phospholipid which, apart from
being the first intermediate in glycerolipid biosynthesis, has been attributed with a
plethora of biological signalling functions. LPA consists of a glycerol backbone with
a phosphate group at the sn-3 position, an hydroxyl group at either the sn-2 (or sn-1)
position, and a fatty acid chain of predominantly long chain saturated (C;s.0, Ci6:0) or
unsaturated (C,g.;, Cao.4) at the sn-1 (or sn-2) position. LPA levels are extremely
tightly controlled in cells, although the mechanisms of this control remain unclear.

In addition, as with other lipid signalling molecules such as PA and DG, the

relationship between LPA as a metabolic intermediate in the biosynthesis of
glycerolipids and as a molecule involved in signal transduction remains to be
determined. It is now clear that LPA 1s released from a variety of cell types such as
platelets, adipocytés and ovarian cancer cells in response to agonist stimulation.
Once released, LPA binds to a family of G-protein coupled receptors (GPCRs)
known as the Endothelial differentiation gene (EDG) family of receptors which are
now known as the LPA receptors (Section 1.8.) in order to elicit a multitude of

biological responses (Erickson et al., 2001).

As described previously (Section 1.4.1.) LPA can be produced through the actions of
phospholipases A, and A; on PA. However, in addition to this route of production,
direct hydrolysis of lysophosphatidylcholine (LPC) by a lysoPLD activity has been
reported to produce bioactive LPA (Van Dyjk et al., 1998). In support of this,
Tokumura and colleagues have also reported the production of LPA through a
lysoPLD activity in rat plasma and human follicular fluids (Tokumura et al., 1996 &
1999). In addition, the lysoPLD activity in rat plasma was found to be selective for
LPC containing unsaturated fatty acyl chains (Tokumura et al., 1999),
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1.7.2. Routes of removal of LPA

Lysophosphatidic acid metabolism can occur via several different mechanisms. As
described in Section 1.3.4., lysophosphatidic acid acyl transferases (LPAAT)
catalyses the acylation of LPA into PA. In addition to this, multiple Lipid Phosphate

phosphatase (LPP) isoforms exist which have been shown to dephosphorylate LPA
to monoacylglycerol (MAG) (Section 1.4.2.2).

In addition to the two routes of hydrolysis described above, a lysophospholipase
activity which converts LPA into glycerol 3-phosphate, has been described in rat
brain (Thompson & Clark, 1994). This lysophospholipase activity was found to
hydrolyse LPA at differing rates depending on the species of acyl group at the sn-1
position (1-oleoyl-LPA =~ 1-stearoyl-LPA > 1-palmitoyl-LPA > 1-myristoyl-LPA)
and was proposed to have a potential role in terminating the cellular responses
mediated by LPA (Thompson & Clark, 1994). Furthermore, an LPA-specific

phosphatase (LPAP) was recently purified from bovine brain cytosol and found to
have little activity towards PA and no activity towards C1P and S1P (Hiroyama &

Takenawa, 1998). Subsequently, Hiroyama and Takenawa reported the cDNA
cloning of LPAP from a human brain library (Hiroyama & Takenawa, 1999).
Transient overexpression of the cloned LPAP in COS-7 cells resulted in LPA-

specific enzyme activity which showed little activity towards PA, S1P and C1P
(Hiroyama & Takenawa, 1999).

1.8.Lysophosphatidic acid receptors
1.8.1. Lysophosphatidic acid receptor identification
There are currently three GPCRs which are believed to be specific for extracellular

signalling by LPA. These receptors belong to the Endothelial differentiation gene

(EDG) product receptor family and have recently been renamed as LPA;, LPA; and
LPA; (Table 1.4) (Chun et al., 2002). '
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Table 1.4 — Current nomenclature of the LPA and S1P receptor families previously
known as the EDG receptor family (Adapted from Chun et al., 2002).

Agonist Ligand IUPHAR- ‘EDG’ name Previous names
recommended name

S N . TR

LPA,/EDG2 was the first LPA receptor to be identified and shown to be a high

affinity LPA receptor. The cDNA for the receptor was identified from mouse
cerebral cortical neuroblasts and was named ventricular zone gene-1 (vzg-1) (Hecht
et al., 1996). This was closely followed by the identification and cloning of human

LPA,/EDG2, as a functional LPA receptor (An et al., 1997a). Further support for the
role of LPA{/EDG2 as a functional LPA receptor was provided in yeast where LPA

stimulated the pheromone response pathway (Erickson et al., 1998).

Subsequently, the LPA/EDG4 gene was 1dentified by two separate groups through
the use of genomic cloning and analysis of expressed sequence tags (ESTs) in the

GenBank database. An and colleagues identified an EST of high similanty to
LPA/EDG?2 using homology searches of mouse tumour cell libraries, which they
named LPA,/JEDG4. Functional studies demonstrated that the protein encoded by
the cDNA was an LPA receptor (An et al., 1998). At the same time, Contos & Chun
identified a human genome sequence with 60% amino acid similarity to the
LPA/EDG2, which they termed /p4; (Contos & Chun, 1998). Subsequent work by
Contos and Chun showed that the mouse gene LPA,/Edg4 identified by An and

colleagues (1998), actually encoded a frame shift mutant which was distinct from

that encoded by the human /p,4; gene (Contos & Chun, 2000).
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The third LPA receptor (LPA3/EDG7) was 1dentified from human Jurkat T cells and
was shown to be a functional LPA receptor (Bandoh et al., 1999). The amino acid
sequence of the LPA3/EDG7 receptor was detailed to be 53.7% and 48.8% identical
to the other 1dentified human LPA receptors LPA/EDG2 and LPA,/EDG4

respectively (Bandoh et al.,, 1999). LPA3/EDG7 was subsequently isolated from
Human Embryonic Kidney 293 cells (HEK293) as further confirmation of its
function as an LPA receptor (Im et al., 2000a).

1.8.2. LPA receptors — cellular effects, G-protein coupling and effector

mechanisms

The first report of a cellular effect evoked by LPA was by Tokumura and colleagues

who reported a vasopressor phospholipid, which they identified as LPA by Gas
chromatography-Mass spectrometry (Tokumura et al.,, 1978). Additional cellular
effects of LPA were then documented in the mid to late 1980’s when LPA was found

to increase [°H]-thymidine incorporation, inhibit adenylyl cyclase (AC), increase
PKC activity and increase inositol phosphates, intracellular calcium and arachidonic
acid release in cultured cells (for review, see Contos et al., 2000). Interestingly, the
proliferative and AC effects were abolished by the actions of pertussis toxin (PTX)
which inactivates G-proteins of the Gai/o-type and so implicated G-protein coupled
receptor involvement. LPA induced effects on cell morphology were then reported
in the early 1990’s by several groups. For example, Ridley and co-workers reported

an LPA-induced, Rho-dependent, rearrangement of the actin cytoskeleton through

actin stress fibre formation in 3T3 fibroblasts (Ridley & Hall, 1992). Furthermore,

several groups reported cell rounding and neunte retraction induced by LPA In
neural cell lines such as PC12 cells (Dyer et al.,, 1992) as well as NIE-115 and
NG108-15 neuronal cells (Jalink et al., 1993). The number of cell lines responding

to LPA, as well as the variety of cellular and biochemical responses evoked by LPA
have increased dramatically since these initial studies and include effects on

differentiation, neurotransmitter release and smooth muscle contraction (for reviews,

see Moolenaar et al., 1997, Chun et al., 1999, Contos et al., 2000).
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The 1nitial cloning of vzg-1/LPA;/EDG2 by Hecht et al. (1996) represented one of
the most important developments in the study of the functional responses evoked by

LPA. This coupled with the subsequent cloning of LPA,/EDG4 and LPA;/EDG7
allowed the investigation of the G-protein coupling and downstream effectors
involved 1n the biological responses evoked by LPA and its GPCRs. Heterotrimeric

- G-proteins are divided into four principle classes, namely Gaui/o, Goyans, Gos and
Gaq. The LPA receptors have been shown to couple to members of the Gau/o,

Gayzn3 and Goaq family, but not the Gas family, under physiological conditions
(Contos et al., 2000). '

LPA,/EDG2 is widely expressed in cerebrovascular tissue, gastrointestinal tissue,

gonadal tissue and the central nervous tissue and has been shown to couple to G-
proteins of the Gai/o, Goz2/13 and Gaq families (English et al., 2001, Contos et al.,
2000). Responses evoked by LPA via LPA,/EDG2 include the Goi/o mediated
intracellular calcium mobilisation, activation of the ERK-1/2 pathway and inhibition
of adenylyl cyclase (An et al., 1998, Ishii et al., 2000). Furthermore, LPA,/EDG2

has been shown to mediate arachidonic acid release via a combined Goai and Gog-
mediated mechanism. Other Goq mediated effects reported for LPA/EDG2 include
inositol phosphate production via the Gog-mediated activation of PLC (An et al.,,
1998, Ishii et al.,, 2000). In addition to the Gai and Goag-mediated effects,

LPA/EDG2 has been demonstrated to cause cell rounding in B103 neuroblastoma

cells through a Rho GTPase dependent mechanism (Fukushima et al., 1998). These

effects are most likely mediated via Gouz/13 type G-proteins which have been shown

to interact with the Rho guanine nucleotide exchange factor (p115RhoGEF) [Kozasa
et al., 1998].

LPA,/EDG4 has been found to be less widely expressed than LPA{/EDG2 being
found principally in leukocytes and testicular tissue but has been shown, like LPA;,
to couple to G-proteins of the Gai/o, Goyans and Goq families (English et al., 2001,

Contos et al.,, 2000). Due to the similar G-protein coupling of LPA,/EDG4 to
LPA,/EDG2, the downstream signalling events mediated by the two receptors are

similar, For example, stimulation of LPA,/EDG4 has been shown to mobilise
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intracellular calcium, activate ERK-1/2 and inhibit adenylyl cyclase via a Gou
dependent mechanism. Furthermore, LPA,/EDG4 has been shown to cause the Gog-

mediated activation of PLC and inositol phosphate production, as well as the Goyz13

induced, Rho-mediated cell rounding also observed for LPA/EDG2 (An et al., 1998,

Ishii et al.,, 2000, Bandoh et al., 1999). A difference between LPA/EDG2 and
LPA,/EDG4 mediated responses is that LPA,/EDG4 has been shown to stimulate

adenylyl cyclase 1n Sf9 insect cells although the mechanism of this stimulation

remains unclear (Bandoh et al., 1999).

LPA;/EDG?7 has been reported in three independent studies (Bandoh et al., 1999, Im
et al.,, 2000a, Ishi1 et al.,, 2000) and shown to be expressed in cerbrovascular,

gastrointestinal, testicular and prostate tissues (English et al., 2001). Bandoh and

colleagues showed that when overexpressed in Sf9 insect cells, human LPA/EDG7

led to increases in intracellular calcium and a stimulation of adenylyl cyclase in a

manner similar to LPA,/EDG4 (Bandoh et al., 1999). However, Im and co-workers
demonstrated that overexpression of human LPA3y/EDG7 in RH7777 cells produced

the same observed intracellular calcium mobilisation but did not result in modulation

of cAMP levels (Im et al., 2000a). The study by Ishii and colleagues showed that
overexpression of LPA3/EDG7 in B103 cells led to PLC activation and inositol

phosphate release, as well as activation of ERK-1/2, arachidonic acid release and

inhibition of adenylyl cyclase (Ishii et al., 2000). Interestingly, Ishii and colleagues
also reported that the LPA3/EDG7 overepressed in B103 cells failed to induce cell

rounding suggesting that LPA3/EDG7 couples to G-proteins of the Gat/o and Gagq

families but not to members of the Gay2/13 or Gas family. (Ishi et al., 2000).

1.9. Sphingolipid metabolism

In addifion to the more extensively characterised glycerolipid signalling pathways, it
has recently been appreciated that, in a similar manner to the ‘phosphatidyl inositol
(PI) cycle’, the ‘sphingomyelin (SM) cycle’ is an evolutionary conserved signalling
pathway which can produce several potent lipid messengers. The initial observations

of SM turnover having a role in signal transduction were made by Hannun and Bell

38



(1989). It 1s now recognised that agonist-stimulated metabolism of SM represents an

important cellular signalling pathway.

SM 1s hydrolysed by specific PLC-like enzymes known as sphingomyelinases,
resulting in the production of ceramide and phosphocholine. Ceramide, through the
addition of a phosphocholine head-group from PC by SM synthase, can be converted
back to SM (Mathias et al.,, 1998). Five distinct sphingomyelinases have been
identified and distinguished by their differing pH optima, cellular localisation and
cation dependence. Sphingomyelinase activation has been observed in response to
agonists such as growth factors, cytokines and arachidonic acid (Levade & Jaffrezou,
1999, Perry & Hannun, 1999) although the precise mechanism involved remains to

be clarified. Following the production of ceramide, ceramidases and ceramide
kinases lead to the formation of sphingosine (Sph) and ceramide 1-phosphate (C1P)
respectively (Mathias et al., 1998). Furthermore, the sphingosine kinase (SphK)
mediated phosphorylation of Sph, leads to the production of sphingosine 1-phosphate
(S1P) (Spiegel et al., 1996). The past ten years have seen S1P become recognised as
a potent lipid signalling molecule which may function as both an intracellular second
messenger and as an extracellular agonist. Indeed, S1P acts as a ligand for a family
of S1P-specific G-protein coupled receptors to mediate a plethora of cellular

responses (for reviews, see Pyne & Pyne, 2000a, 2000b, Hla, 2001, Yatomi et al.,
2001).

1.10. Sphingosine 1-phosphate metabolism

1.10.1. Sphingosine 1-phosphate production

S1P production in cells is via the SphK catalysed phosphorylation of Sph. SphK
activity has been shown to increase in response to various growth factor including
Platelet-derived growth factor (PDGF) (Olivera & Spiegel, 1993, Pyne et al., 1996)
and Nerve growth factor (Edsall et al., 1997). The first purification of SphK was by

Olivera and colleagues who purified SphK from rat kidney to apparent homogeneity
and showed 1t to be a protein of 49kDa (Olivera et al., 1998). This was followed by

39



the subsequent cloning and characterisation of two mammalian SphK’s, murine
SphK1a and SphK1b which were found to differ by only 10 amino acids (Kohama et
al., 1998). The first human SphK was identified and cloned by Nava and colleagues
using sequence homology to the murine SphK1a and was found to be ubiquitously

expressed but with high levels in liver, kidney and skeletal muscle (Nava et al.,

2000). In addition to the SphK type 1 enzymes described above, Liu and colleagues
recently reported the cloning and characterisation of a second type of mammalian
SphK activity, SphK type 2 (SphK2) (Liu et al., 2000). SphK2 1s considerably larger
than SphK1, containing an extra 236 amino acids. Furthermore, even though
expression of SphK2 was found to be ubiquitous, the level of expression was highest
in liver and heart, but in contrast to SphK1, was virtually undetectable in skeletal
muscle and spleen (Liu et al., 2000). The regulation of SphK activity is critical in

determining the levels of S1P in cells and so in the regulation of the many biological

reponses to S1P.
1.10.2. Sphingosine 1-phosphate hydrolysis

Cellular levels of S1P are tightly regulated through the balance between it production
and hydrolysis. There are currently two identified pathways by which S1P can be
degraded within cells. The first of these 1s through the enzyme S1P lyase which
catalyses the cleavage of the C2-C3 bond of S1P, forming trans-2-hexadecanal and
ethanolamine phosphate (Saba et al., 1997). S1P lyase is a membrane bound enzyme
which has been shown to require the coenzyme pyridoxal 5’-phosphate for full
activity (Saba et al., 1997). Furthermore, S1P lyase expression has been found to be
ubiquitous with respect to species and tissues, with the exception of platelets which
do not express the enzyme (Pyne & Pyne, 2000a). The first cloning of S1P lyase was
by Saba and colleagues who cloned the enzyme from the yeast Saccharomyces
cerevisiae (Saba et al., 1997). However, a mammalian S1P lyase has subsequently

been identified and cloned in mouse (Zhou & Saba, 1998).

The second route for the degradation of S1P is via it dephosphorylation to Sph. The
dephosphorylation of S1P to Sph can be catalysed by either the Lipid phosphate
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phosphatases (LPP’s) or by S1P phosphatase (S1PP). As described in Sections
1.4.2.2. and 1.4.2.3., there are several LPP enzymes which exhibit a broad substrate
specificity which includes S1P. In addition to the LPPs, a S1P phosphatase has been
identified which 1s distinct from LPP activity. S1P phosphatase was originally
cloned from yeast as a long chain base phosphatase (LBP) [Mandala et al., 1998,

Mao et al., 1997]. Subsequently, mammalian S1PPs have been cloned and shown to
have high specificity for SIP (Mandala et al., 2000, Le Stunff et al., 2002). Le
Stunff and colleagues demonstrated that overexpression of murine or human S1PP in
HEK293 cells or Chinese hamster ovary (CHO) cells resulted in an increase in S1PP
activity that was, unlike the known LPPs, specific for S1P (Le Stunff et al., 2002).

1.11. Sphingosine 1-phosphate: An intracellular second messenger and an

extracellular agonist!

Sphingosine 1-phosphate (S1P) is a recently discovered lipid signalling molecule
which has been recognised as a key regulator of cell survival, proliferation and
differentiation. For example, S1P has been shown to regulate cell growth in a variety
of cell types such as airway smooth muscle cells (Rakhit et al., 1999), rat-1
fibroblasts (Gomez-Munoz et al., 1995b), Thyroid FRTL-5 cells (Tornquist et al.,
1997) and Swiss 3T3 fibroblasts (Su et al., 1994, Van Brocklyn et al., 1998). The

pathways involved in the physiological responses evoked by S1P have therefore,

become the subject of intensive research. These include the activation of PLD
(Desai et al.,, 1992, Natarajan et al.,, 1994), activation of the ERK-1/2 signalling

cascade (Pyne & Pyne, 1996, Wu et al., 1995), followed by subsequent activation of
the transcription factor Activator protein-1 (AP-1) (Su et al., 1994) as well as

mobilisation of intracellular calctum (Mattie et al., 1994) and inhibition of adenylyl
cyclase (Van Koppen et al., 1996). However, the mechanisms whereby S1P elicits
its plethora of biological responses remains the subject of much controversy. Many
studies have shown the agonist stimulation of SphK and subsequent increase in
intracellular S1P (Olivera & Spiegel, 1993, Pyne et al., 1996, Xia et al., 1998, for
review, see Pyne & Pyne, 2000a). However, the fate of this intracellular SI1P

remains unclear such that 1t may be degraded, may act on unidentified intracellular

41



receptors, or may be released from cells such that it could act in an autocrine manner
on extracellular receptors (Hla et al., 1999). Furthermore, a family of S1P specific

G-protein coupled receptors have now been identified and characterised by several

groups (for review, see Hla, 2001).

1.11.1. Intracellular actions of sphingosine 1-phosphate

The intracellular actions of S1P were proposed following investigations using
inhibitors of SphK activity such as D,L-threo-dihydrosphingosine and N,N-
dimethylsphingosine. For example, Rani and co-workers reported that the S1P
formed following PDGF stimulation of Swiss 3T3 fibroblasts was responsible for the
activation of ERK-1/2 (Rani et al., 1997). They also showed that the SphK inhibitor,
D,L-threo-dihydrosphingosine inhibited this effect and so implicated S1P with a
‘second messenger’ function (Rani et al., 1997). Tolan and colleagues subsequently

demonstrated similar results for the PDGF activation of airway smooth muscle
(ASM) cells (Tolan et al., 1999). However, in contrast to the conclusions reached by
Rani and colleagues, Tolan and colleagues detailed D,L-threo-dihydrosphingosine as
an inhibitor of protein kinase C (PKC) in addition to SphK and suggested this to be
an alternative route for the inhibition of ERK-1/2 activation as PDGF has been
shown to use PKC as an intermediate in the regulation of ERK-1/2 (Tolan et al.,

1999). Furthermore, the epidermal growth factor (EGF) mediated activation of
ERK-1/2 in ASMs was also tested due to the EGF response being independent of

PKC activation and was found to be unaffected by the inhibitors of SphK (Tolan et
al., 1999). However, Van Brocklyn and colleagues reported that in HEK293 cells,
the PLD activation, calcium mobilisation and tyrosine phosphorylation of focal
adhesion kinase mediated by extracellular S1P were unrelated to S1Py/EDGI
receptor expression (Van Brocklyn et al., 1998). Furthermore, it was demonstrated
that the mitogenesis and inhibition of apoptosis induced by exogenous S1P was also
unrelated to S1Py/EDG1 expression in Swiss 3T3 fibroblasts and that microinjection
of S1P into these cells increased DNA synthesis (van Brocklyn et al., 1998).
However, the study by Van Brocklyn and colleagues (1998) does not rule out the
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presence of other S1P receptors in their system as there are now known to be five

independent S1P receptors (Table 1.4).

Other recent investigations have also proposed a role for intracellular S1P in formyl

peptide receptor signalling in HL-60 cells (Alemany et al., 1999) and also in the

calcium mobilisation induced by LPA in SH-SY5Y neuroblastoma cells (Young et
al.,, 1999). In the study by Young and colleagues, the LPA mediated calcium
mobilisation was found to be independent of the inositol 1,4,5-trisphosphate and
ryanodine receptor pathways, but was sensitive to inhibitors of SphK (Young et al.,
1999). In a later study by the same group, the LPA mediated calcium mobilisation

was reported to be associated with an endogenous LPA,/EDG4 receptor which

utilised the production of intracellular S1P in order to stimulate calcium mobilisation

in the SH-SYS5Y cells (Young et al., 2000). Young and colleagues also showed that
LPA stimulated cells preloaded with [°H]Sph displayed elevated production of

[’H]S1P and also that the calcium mobilisation induced by Sph was sensitive to

removal of adenosine 5’ triphosphate (ATP) which suggested that Sph must first be
converted to S1P by SphK before causing calcium release (Young et al., 2000).

There is therefore, still much controversy with regards to the intracellular ‘second

messenger’ role of S1P. Furthermore, the identities of the intracellular targets of S1P

remain to be fully defined.

1.11.2. Extracellular actions of sphingosine 1-phosphate: The sphingosine 1-

phosphate receptors

Exogenous S1P has been shown to mediate a great number of diverse biological

functions ranging from neurite retraction (Postma et al., 1996), activation of an atrial
cardiomyocyte I(K.ACh) potassium channel (Himmel et al, 2000), vascular
endothelial cell migration and cell spreading (Okamoto et al.,, 2000) to the
modulation of the growth and adhesion of ovarian cancer cells (Hong et al., 1999).

Much attention has therefore, been directed towards the recently identified family of

G-protein coupled receptors (GPCRs) for SIP which have now been shown to
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mediate most, if not all of the biological effects reported for S1P. The next section

therefore, deals with the identification and role of the S1P receptors in mediating the

biological responses evoked by S1P.

1.11.3. Sphingosine 1-phosphate receptor identification

At present there are five identified, high affinity S1P receptors which are part of the
recently renamed endothelial differentiation gene (EDG) family of GPCRs (Chun et
al., 2002) (Table 1.4). These include EDG1 (S1P;), EDG3 (S1P3),
EDG5/ARG16/H218 (S1P,), EDG6 (S1P4) and EDGS8/nrg-1 (S1Ps) [Table 1.4].

The first S1P receptor to be cloned was S1P/EDGI which was originally recognised
as an immediate-early gene product in human umbilical vein endothelial cells
(HUVEC), proposed to have a role in the differentiation of the endothelial cells into
capillary-like tubules (Hla & Maciag, 1990). It was not until 1996 however, that the
identity of S1P receptors began to be explicitly defined. Lee and colleagues
demonstrated that overexpression of S1P{/EDG1 in HEK293 cells led to activation of
ERK-1/2 (Lee et al., 1996) and later characterisation by the same group confirmed
S1P,/EDGI1 as a high affinity S1P receptor (Lee et al., 1998). In addition, An and
colleagues reported the identification of cDNAs for two GPCRs, rat H218 (S1P;) and
human S1Ps/EDG3 which when overexpressed in Jurkat T cells or Xenopus oocytes
were found to encode functional S1P receptors (An et al., 1997b). The identification
of these functional S1P receptors was quickly followed by the identification of
S1P4/EDGS, the expression of which, was found in lymphoid and haematopoietic
tissue as well as the lung (Graler et al., 1998). The identification of S1Ps/EDG®6 as a
functional S1P receptor was further confirmed by reports that expression of
S1P4#/EDG6 in Chinese hamster ovary (CHO) cells and K562 cells resulted in S1P
dependent signalling (Yamazaki et al., 2000). The final S1P receptor to be 1dentified
to date is that of S1Ps/EDG8 which was identified in the white matter and spleen of
rats (Im et al., 2000b). In this report, expression of SIPs/EDGS in several cell hines

including HEK293 and Rh7777 (rat hepatoma cell line) cells resulted in expression
of a functional S1P receptor (Im et al., 2000b).
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1.11.4. Sphingosine 1-phosphate receptors: G-protein coupling and effector

mechanisms

S1P has been shown to bind to all the known S1P receptors with low nM affinity (for
review, see Pyne & Pyne, 2000a). However, following the binding of S1P to each of
the SIP/EDG receptors, the G-protein coupling and effector mechanisms for each of

the S1P receptors have been found to be somewhat distinct (for reviews, see Hla,
2001, Takuwa et al., 2001).

S1Pi/EDGI1 has been demonstrated to couple to multiple effector pathways such as
PLC activation, ERK-1/2 activation, calcium mobilisation and adenylyl cyclase
inhibition via the PTX sensitive Gai/o G-proteins (Okamoto et al., 1998, Lee et al.,
1996). In addition, in vitro binding studies have demonstrated that S1P;/EDGI1 does
not interact with G-proteins of the Gaq, Gotyz/z or Gas families (Windh et al., 1999).
However, there has been a report detailing that S1P;/EDGI1 signalling is essential for
events that require activation of the small GTPase Rac but not the activity of Gai,
such as the formation of lamellipodia and asembly of cortical actin structures (Lee et
al.,, 1999). This data therefore, suggests that S1P;/EDG1 receptor activation couples
to Rac activation via an unidentified mechanism which is distinct from Gai (Lee et

al.,, 1999). Interestingly, S1P;/EDGI1 has been demonstrated to undergo receptor-
mediated endocytosis in response to S1P binding (Liu et al., 1999). This conclusion
was reached in part by the finding that S1Py/EDG1 was found to co-localise with the
transferrin receptor which has been shown to be internalised via clathrin coated pits
(receptor-mediated endocytosis). The authors also suggest that this process could be
important in mediating the S1P/EDG1 intracellular signalling events (Liu et al.,
1999).

In contrast to S1P{/EDGI1, S1P,/EDGS has been shown to couple via a variety of G-
proteins in response to S1P binding. For example, S1P induced serum response
clement (SRE)-driven transcription and calcium mobilisation when S1P,/EDGS

receptors were overexpressed in Jurkat T cells and Xenopus oocytes (An et al., 1997b
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& 2000). Other overexpression studies have also shown stimulation of S1P,/EDGS
to result in PLC activation, ERK-1/2 activation, and inhibition of cell migration via
Gai/o, Gaq/i; and Gouyyg3 dependent mechanisms (Windh et al., 1999, Gonda et al.,
1999). In addition to these effector pathways, S1P stimulation of S1P,/EDGS5 has

been demonstrated to result in activation of c-Jun NH,-terminal kinase (JNK), p38
MAPK and a Rho GTPase dependent pathway most likely through Gag/y; or Goyans
G-proteins (Gonda et al,, 1999). Furthermore, S1P activation of S1P,/EDGS was
shown to result in an increase in cAMP suggesting possible coupling to Gas G-

proteins although no direct evidence of this mechanism of this action was found

(Kon et al., 1999, for review, see Takuwa et al., 2001).

In a manner similar to S1P,/EDGS, S1P3/EDG3 receptors have also been shown to
couple to multiple G-proteins including Gau/o, Gaq and Gayz3 (Windh et al., 1999).
This varied coupling allows S1P3/EDG3 receptors to signal to similar effector
systems as described for S1P./EDGS receptors such as SRE-driven transcription,
ERK-1/2 activation, PLC and Rho through Gai, Gogq/;; and Gayz,3 mediated
pathways (An et al., 2000). However, in contrast to S1P,/EDGS, S1Py/EDG3, like
S1P{/EDG1 has been shown to inhibit adenylyl cyclase via a Gou dependent

mechanism (Gonda et al., 1999, for review, see Takuwa et al., 2001).

Less information 1s available on the effector mechanisms and G-protein coupling of
the S1P4/EDG6 and S1Ps/EDG8 receptors.  However, S1P4/EDG6, when
overexpressed in CHO cells, has been shown to couple via PTX sensitive G-proteins
(probably Goai/o) to PLC and calcium mobilisation (Yamazaki et al.,, 2000).
Similarly, S1IPs/EDGS8, when overexpressed in Rh7777 cells was found to couple via

Gai/o G-proteins to mediate inhibition of forskolin driven cAMP formation (Im et
al., 2000b).

An 1important feature of the signalling by phosphorylated lipids such as PA, LPA and
S1P is their ability to activate the ubiquitous Extracellular-signal regulated protein
kinase (ERK) pathway. For LPA and S1P, this may be key to their well recognised

proliferative properties. The next section therefore, deals with the Extracellular-
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signal regulated protein kinases and the mechanisms of activation of this conserved

signalling pathway.

1.12. Extracellular-signal regulated protein kinase pathway

All eukaryotic cells express the highly conserved MAP kinase (MAPK) signalling
cascades which are activated by stimuli as diverse as cytokines, growth factors,

neurotransmitters, hormones, cellular stress and cell adherence (for reviews, see

Widmann et al., 1999; Seger & Krebs, 1995; Robinson & Cobb 1997; Force &
Bonventre, 1998 and Kolch, 2000).

Currently, six MAPK signalling modules can be distinguished (Kolch, 2000). The
best characterised of these are the Extracellular-signal regulated kinase (ERK1/2)

pathway, the c-jun NHj,-terminal kinase (JNK) or stress activated protein kinase

(SAPK) pathway and the p38 MAPK pathway. The MAPK pathways share

structurally related components which mediate fundamental cellular processes such
differentiation, adaptation to stressful stimuli, survival and apoptosis in addition to
cell proliferation (Widmann et al., 1999 and Kolch, 2000). One important feature of
the MAPK pathways is that they are composed of a three kinase module often
referred to as the MAPK module (Cobb & Goldsmith, 2000). This basic MAPK
‘module contains a MAPK (ERK1/2, JNK, p38) which is activated by a MAPK

kinase (MAPKK), which itself 1s activated by a MAPKK kinase (MAPKKK) as
shown 1n figure 1.5.

It should be noted that in each MAPK module, there are several MAPKKK, MAPKK

and MAPK found and these are commonly interchangeable. The reason for this

complexity 1s not fully apprectated but co-ordination of many signals may lead to

specific cellular responses.
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MAPK module ERK module

MAPKKK raf
MAPKK MEK1/2
MAPK ERK1/2

Figure 1.5: The minimal MAPK signalling module (adapted from Widmann et al.,
1999) is composed of three kinases, MAPKKK, MAPKK and MAPK. Specific
kinases of the ERK signalling module are also detailed (right).
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The Extracellular-signal Regulated protein Kinases (ERK-1/2) or p42/p44 MAPK
represent the most extensively studied MAPK signalling pathway. ERK1 and ERK2
are 90% homologous and are believed to be functionally identical (Boulton et al.,
1991; Seger & Krebs, 1995). Stimulation of a wide variety of growth factor
receptors and G-protein linked receptors leads to the activation of ERK1 and ERK?2.

Following activation, a great number of nuclear, cytoplasmic and cytoskeletal
substrates are phosphorylated in a proline directed manner, with Pro-Leu-Ser/Thr-
Pro representing the most notable consensus sequence (Gonzalez et al.,1991). The
nuclear transcription factors Elk-1, c-myc and c-fos and the nuclear proteins RNA
polll represent some of the nuclear targets for ERK-1/2 phosphorylation (Seger &

Krebs, 1995, reviewed in Treisman, 1996). Cytoplasmic substrates for ERK-1/2
include upstream components of the ERK cascade such as the NGF and EGF

receptor, Raf-1 and MEK and may represent autoregulatory mechanisms (Seger &
Krebs, 1995). Other cytoplasmic substrates include cPLA;, p90 ribosomal S6 kinase
and phospholipase Cy (Davis, 1993; Lin et al., 1993; Seger & Krebs, 1995; Bornfeldt
& Krebs, 1999). In addition to the nuclear and cytoplasmic substrates for ERK-1/2,
cytoskeletal elements such as MAP-1, MAP-2, MAP-4 and Tau have been shown to
be substrates for ERK-1/2 (Minshull et al., 1994). The diverse array of substrates for
ERK-1/2 within several compartments of a cell demonstrates the importance of the

ERK-1/2 signalling cascade in the control of cell function. Indeed, dysfunction of
components of the ERK pathway can cause cells to transform and constitutive
activation of components has been shown to be sufficient for tumorigenesis (Murga

et al., 1999; Mansour et al., 1994; Force & Bonventre, 1998).

1.12.1. Growth Factor activation of ERK-1/2

The most extensively studied pathway for activation of the ERK-1/2, MAPK cascade
is that of growth factors such as PDGF and EGF activating ERK-1/2 via their
respective receptor tyrosine kinases (for reviews, see Widmann et al., 1999; Force &

Bonventre, 1998). Figure 1.6 details the pathway for receptor tyrosine kinase
activation of ERK-1/2,
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Following the binding of a growth factor to its receptor tyrosine kinase, the intrinsic
tyrosine kinase domains of the receptor are activated, resulting in
‘autophosphorylation’ and a multistep cascade leading to ERK-1/2 activation (Murga
et al., 1999; Widmann et al., 1999). The cascade begins with several adapter proteins
such as Shc (SH2 domain-containing a2-collagen related) and Grb2 (Growth factor
receptor bound protein 2) which associate at a receptor. Shc contains a
phosphotyrosine binding (PTB) domain, a Src homology 2 (SH2) domain, and a Src

homology 3 (SH3) domain, whereas Grb2 has one SH2 domain and two SH3
domains (Widmann et al., 1999, Sasaoka et al., 1994). Grb2 is known to bind to Shc
via its SH2 domain and is constitutively bound to Sos (Son of Sevenless) via its SH3

domain (Sasaoka et al., 1994; Force & Bonventre, 1998). Sos, when localised to a

receptor, acts as a guanine nucleotide exchange factor and causes GDP-GTP
exchange and subsequent activation of the low molecular weight G-protein ras.

Activated ras-GTP then interacts directly with the amino-terminal of Raf-]
(MAPKKK), contributing partly to its activation and subsequent engagement of the
ERK-1/2 signalling module (Vojtek et al., 1993; Moodie et al., 1993). It should be

noted that the regulation of Raf-1 1s a complex process that requires several factors

including ras.

1.12.2. G-protein coupled receptor activation of ERK-1/2

In addition to the classical growth factor receptor tyrosine kinase activation of the
ERK-1/2 pathway, it has recently been shown that GPCR agonists can also regulate

ERK-1/2. Furthermore, it is now appreciated that there are several different

mechanisms whereby GPCRs can regulate the ERK-1/2 pathway.

Following the findings that a number of GPCR ligands activated ERK-1/2, research
was directed at finding the mechanisms involved (for reviews, see Gutkind, 1998;

Murga et al., 1999 & Gudermann et al., 2000). The easiest method of explaining the

known mechanisms is by dividing them into regulation by G-protein By dimers and

G-protein o subunits.
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Regulation of ERK-1/2 by G-protein 3y dimers

Initial experiments demonstrated the ability of ligand bound Gau and Gog-coupled
receptors to stimulate ERK’s in a PTX-sensitive and —insensitive manner. However,
subsequent experiments demonstrated the inability of activated Go subunits to
stimulate ERK-1/2 (Gutkind, 1998). This, coupled with growing evidence of a role
for G-protein By dimers in signal transduction led to the investigation of By signalling
to the ERK pathway. In fact, many findings now suggest that virtually all mitogenic

signals from Gi-coupled receptors are mediated by Gy dimers (Van Biesen et al.,,
1996).

Early experiments demonstrated that genistein (a tyrosine kinase inhibitor) blocked
LPA induced ERK activation thereby implicating tyrosine kinases in the response

(Hordijk et al., 1994). In addition, the rapid phosphorylation of Shc and also Shc-
Grb2 complex formation following GPCR activation was reported by several groups
and led to the investigation of possible tyrosine kinases involved in the GPCR

activation of the ERK pathway (reviewed in Gutkind, 1998; Gudermann et al., 2000).
It is now appreciated that many growth factor receptors such as the PDGF and EGF

receptors, as well as non-receptor tyrosine kinases, such as Src, Lyn, Syk and the
Ca®" and PKC dependent tyrosine kinase Pyk?2 are involved in the pathway linking
GPCRs to ERK activation (Figure 1.6) (for review, see Murga et al., 1999). Several

other proteins have also been implicated in the GPy regulation of ERK-1/2 including

PI3Ky which is activated by GPy dimers acting upstream of Src-like tyrosine kinases
(Lopez-Ilasaca, 1998).

Regulation of ERK-1/2 by G-protein ¢ subunits

The ability of G-protein o subunits to activate ERK-1/2 has been demonstrated for a

number of years. A great number of G-protein o subunits have now been discovered

through molecular cloning and these are divided into four subfamilies: Gi, Gg/11,

GS, and G12113 (MOI‘I‘iS & Malbon, 1999; Lopez-Ilasaca, 1998)
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As detailed previously, it 1s suggested that GBy dimers, mediate the regulation of

ERK-1/2 by Gai-coupled receptors. However, an indirect mechanism whereby Gai

can regulate ERK-1/2 is through the inhibition of certain adenylyl cyclase (AC)
1soforms (for review, see Simonds, 1999). Inhibition of adenylyl cyclase would lead
to decreased levels of cAMP and so decreased protein kinase A (PKA) activation.

PKA has been shown to phosphorylate Raf-1 kinase and lead to a decrease in ERK

activation (Cook & McCormick, 1993). Therefore, Gai may indirectly regulate
ERK-1/2 activation.

In addition to Gai-mediated regulation of ERK-1/2, the PTX-insensitive Gog/11
family of G-proteins have also been shown to activate ERK-1/2. Two mechanisms

link Gag/11 to ERK-1/2 activation and these involve PLCPB and PKC. The PLCf
mediated activation of ERK-1/2 involves both the production of diacylglycerol
(DAG) and the stimulation of intracellular Ca*" production. DAG is known to
activate protein kinase C (PKC) which has been shown to directly phosphorylate and
activate Raf-1 in vitro and also in an NIH3T3 cell clone (figure 1.6) (Kolch et al.,
1993). PKC isoforms represent crucial enzymes coupling Gag/11 G-proteins to the
ERK-1/2 pathway. However, there are conflicting reports regarding the mechanisms
whereby this coupling occurs. For example, Hawes and colleagues (1995) report a
fully PKC-dependent mechanism, whereas, Berts and colleagues (1999) reported a
PKC-independent coupling. In contrast however, Crespo and co-workers (1994)
reported a partially PKC-dependent coupling of Goag/11-coupled receptors to the
ERK-1/2 pathway. Therefore, the coupling of Gag/11 G-proteins to the ERK-1/2 via
PKC remains to be fully appreciated. The second mechanism linking Gag/11 G-
protein subunits to the ERK-1/2 pathway is that of an increase in intracellular Ca®'.
This mechanism involves the Ca*’-mediated activation of the non-receptor tyrosine

kinase Pyk2 which activates ERK-1/2 via a ras-dependent mechanism similar to

receptor tyrosine kinases (Figure 1.6), (Widmann et al., 1999; Lopez-Ilasaca, 1998).
As mentioned above, indirect regulation of the ERK-1/2 pathway can occur through

modulation of intracellular cAMP levels and PKA activation. G-protein subunits of

the Gas family are known to stimulate all cloned AC isoforms (Simonds, 1999) and
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so provide a further indirect mechanism for negative regulation of ERK-1/2 by G-

protein o-subunits through the modulation of cAMP levels. Accordingly, in NIH3T3
cells, increased cAMP levels was shown to increase PKA-mediated inhibition of

Rat-1 kinase and thereby inhibit ERK-1/2 activation (Cook & McCormick, 1993).

1.12.3. Growth factor receptor and G-protein coupled receptor transactivation

~ and signal integration in the regulation of ERK-1/2 signalling

The cell proliferation mediated by mitogenic stimuli occurs following the activation
of the ERK-1/2 signalling cascade via different classes of cell surface receptors.
These include the growth factor receptor tyrosine kinases (RTKs) and G-protein
coupled receptors (GPCRs). However, certain GPCR agohists and growth factors
have been known for some time to function together as co-mitogens to stimulate
DNA synthesis (Alderton et al., 2001). The mechanisms underlying this co-
mitogenicity remain to be fully defined but there is evidence now for two plausible
mechanisms for this action. These are receptor transactivation as is the case with
EGF receptors (EGFR) (Daub et al.,, 1996) and receptor signal integration as has

been shown for the platelet-derived growth factor receptor (PDGFR) [Alderton et al.,
2001].

Daub and colleagues were the first to suggest transactivation of the EGFR following
stimulation of Rat-1 fibroblasts with the GPCR agonists endothelin-1, LPA and
thrombin (Daub et al.,, 1996). A later study by the same group demonstrated the
initiation of EGFR tyrosine phosphorylation by various GPCR agonists in several
different cell lines including keratinocytes, COS-7 cells and primary mouse
astrocytes (Daub et al., 1997). This transactivation was later found to be mediated
through the GPCR-mediated activation of a metalloproteinase resulting in the
cleavage of proHB-EGF and subsequent release of EGF to act as a ligand at the
- EGFR (Prenzel et al., 1999). Abrogation of the EGFR receptor transactivation and

also downstream signalling events occurs when proHB-EGF processing is inhibited
(Prenzel et al., 1999).
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Several groups have reported other examples of possible interactions between RTKs
and GPCRs. For example, Hallak and colleagues as well as Dalle and co-workers
have demonstrated the interaction of Insulin and Insulin-like Growth factor receptors
with components of G-protein coupled receptor signalling pathways (Hallak et al.,
2000, Dalle et al., 2001). Furthermore, Wang and colleagues reported that the

activation of ERK-1/2 by insulin was amplified by B-adrenergic receptor expression

indicating the presence of ‘cross-talk’ between the insulin receptor tyrosine kinase

and the B-adrenergic GPCR (Wang et al., 2000).

Of relevance to S1P signalling, Alderton and colleagues reported the tethering of the

PDGFR tyrosine kinase to G-protein coupled receptors as a means of signal

integration and so to allow more efficient regulation of downstream effector
pathways such as ERK-1/2 (Alderton et al., 2001). In this study, PTX was found to
reduce PDGF stimulation of ERK-1/2. Furthermore, the authors report that

transfection of recombinant Goad into HEK293 cells led to an increased activation of

ERK-1/2 by PDGF and also phosphorylation of Gai (Alderton et al.,, 2001). In

addition to this evidence, the study demonstrated the co-immunoprecipitation of

overexpressed, recombinant, Myc-tagged SIP{/EDG1 (GPCR for S1P) with
overexpressed PDGFf receptor using either anti-Myc or anti-PDGF[ receptor

antibodies. This therefore suggested the formation of a functional signalling

complex between these two receptors in HEK293 cells (Alderton et al., 2001). The
termination of S1P and LPA signalling to ERK-1/2 has also been the subject of

research and the LPP enzymes have been implicated with a role in this process.

1.13. Potential for ‘ecto’-LPP activity

It has been shown that the LPP enzymes catalyse the dephosphorylation of several
potent phosphorylated lipid mediators such as PA, LPA and S1P. However, the
precise biological role of LPP activity remains the topic of much research. Thereis a
large body of evidence proposing that LPPs may be involved in the metabolism of
PA that is produced following activation of PLDs or DGKs (for reviews, see
Brindley & Waggoner, 1996, Kanoh et al., 1999, Waggoner et al., 1999). However,
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all LPPs are predicted to be six transmembrane domain enzymes, localised to the
plasma membrane and are predicted to possess an extracellular facing catalytic site
(Zhang et al., 2000, Waggoner et al., 1999). This therefore, raises the possibility of
an ‘ecto’-LPP activity which functions to regulate signalling by exogenous PA, LPA
and S1P (for review, see Waggoner et al., 1999). Indeed, the first suggestion of a
possible ‘ecto’-LPP action was made by Perry and colleagues who suggested that
‘ecto’-LPP dephosphorylates exogenous PA to provide a ‘timed release
diacylglycerol’ signal in neufrophil superoxide generation (Perry et al.,, 1993).
Following this, Xie and Low reported a similar ‘ecto’-LPP activity in PAM212
keratinocytes which was found to hydrolyse LPA in addition to PA (Xie & Low,
1994). English and colleagues then reported the partial purification of the previously
reported ‘ecto’-LPP activity from neutrophils and showed it to hydrolyse several

molecular species of PA and also LPA (English et al., 1997).

The cloning of several LPP isoforms has facilitated investigations into the
physiological roles of the LPP isoforms and reports have now detailed ‘ecto’
activities for several LPP isoforms when overexpressed (Jasinska et al., 1999,
Ishikawa et al., 2000, Roberts & Morris, 2000, Xu et al., 2000, Hooks et al., 2001,
Alderton et al., 2001). In support of an ‘ecto’-LLPP model, recent studies have
detailed the attenuation of signalling events mediated by the extracellular lipid
phosphates LPA and S1P, following overexpression of LPP isoforms in rat-2
fibroblasts and HEK293 cells (Jasinska et al.,, 1999, Xu et al., 2000, Hooks et al.,
2001, Alderton et al., 2001) (see Chapter 5).

1.14. LPPs as a point of ‘cross-talk’ between glycerolipid and sphingolipid

signalling

A complication in the investigation of LPP activity and its physiological role is
created through the presence of apparent ‘cross-talk’ between the glycerolipid and
sphingolipid signalling pathways. As detailed earlier, the regulation of LPP activity

by products of sphingolipid metabolism has been demonstrated in several cell types

(Wu et al., 1993, Mullmann et al., 1991, Lavie et al., 1990, Gomez-Munoz et al.,
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1994). The study by Lavie and colleagues also demonstrated the inhibition of PAP-1
activity by sphingoid bases and so represents a further example of ‘cross-talk’

between the glycerolipid and sphingolipid signalling pathways (Lavie et al., 1990).
A further dimension to these findings is that in addition to inhibiting LPP activity,
sphingosine was found to activate DGK in GPASM (Tolan et al., 1997) and also
stimulat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>